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Many nucroorgamsms possess the abihty of utilizing hydrocarbons as a sole 
source of energj’- in their metabolism Gaseous, hqmd and sohd hydrocarbons 
m the ahphatic, olefime and naphthemc senes are susceptible to microbial de- 
composition Nearlj’' a hundred species of bactena, yeasts and molds repre- 
senting thirty genera have been desenbed which attack one or more lands of 
hydrocarbons Such microbes appear to be quite widely and abundantly dis- 
tributed m nature where they may be of considerable importance m the carbon 
cycle and to vanous mdustnes 

Wherever exposed to mmeral solutions m which microbial hfe is ^possible, 
petroleum, rubber or other tjqies of hj-’drocarbons may be slowly decomposed bj 
microorganisms The microbial oxidation of hj'drocarbons may help to account 
for the rapid disappearance of petroleum x\ hich pollutes fields and waterwaj's, 
for the detenoration of certam rubber products both natural and synthetic, for 
the spoilage of coohng oils, for the depreciation of oiled or asphalt-surfaced high- 
v aj-s and for the modification of petroleum or its products stored m the presence 
of vater The failure of underground pipe-hnes or electneal condmts “pro- 
tected” from corrosion bj' paraflmi-impregnated matenals, elastomers or other 
hj drocarbon dem atives may be attnbuted m part to the actinties of micro- 
organisms V Inch decompose hydrocarbons 

Obta inin g mtermediate products of economic i alue such as fattj acids, for ex- 
ample, from the nucrobial decomposition of hj'drocarbons, or emplo 3 'mg micro- 

* Contnbution from the Senpps Institution of Oceanographj , Xew Senes Xo 295 This 
report represents part of the actnnlies of Research Project 43 \ sponsored b\ the tmencan 
Petroleum Institute 
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organisms for the elnmnation of mdustnal wastes aroimd refinenes are almost 
unexplored possibihties In this category, too, are certain methods of prospect- 
mg for petroleum which are based upon the abihty of bacteria to utilize pe- 
troleum hydrocarbons Likewise very httle is known regardmg the effect of 
the growth of hydrocarbon-ovidizmg bactena m pharmaceutical and medicinal 
preparations containing petrolatum or mineral oil 
These are some of the problems which are discussed on the followmg pages m 
summanzmg our knowledge on the occurrence, characteristics, biocheimcal 
activities and possible economic importance of microbrganisms which attack 
hydrocarbons 

Historical Although paraffin wax is often considered to be biologically mert, 
Miyoshi (93) reported fifty years ago that thm layers of paraffin were penetrated 
by Boiryits cxnerea The abihty of fungi to attack paraffin was reported m 1906 
bj’' Eahn (104), who found that vanous soil molds, mdudmg Pemcilhum glavcum, 
decomposed paraffin and utilized it as a sole source of energy Bactena were 
also found developmg on the paraffin SShngen (121) showed that paraffin 
was attacked by 17 different species of soil bactena, paraffin wax bemg more read- 
ily attacked than petroleum ether, paraffin oil, crude petroleum or caoutchouc 
The widespread occurrence of microSrganisms which attack paraffin is attested 
by many observers (cf , (53, 60, 138, 142, 145, 150, 181)) 

The utihzation of methane by mixed cultures of soil bactena was reported by 
Kaserer (83) m 1906 The bactena also utilized hydrogen as a source of energy 
The microbial utilization of methane was studied more thoroughly by Sdhngen 
(119), who noted the disappearance of methane, the production of COj and the 
accumulation of orgamc matter (bacterial cell substance) m a rameral salts solu- 
tion saturated under pressure with methane and oxygen From ennehment 
cultures SShngen isolated a rod-shaped organism which he called Bacillus 
inelhamcus, now known as Methanomonas meihamca (12) Subsequently the 
bactenal oxidation of methane was studied by many others (1, 43, 44, 64, 65, 94, 
95, 120, 131, 151, 169, 178) 

Stfirmer (131) 'was the first to demonstrate the microbial assimilation of aro- 
matic hydrocarbons He isolated Bacillus hexacarbovorum, an organism capable 
of utilmng toluene and xylene Wagner (164) described Bacterium bemoli a 
and b which utilized toluene, xylene, benzene and vanous aliphatic hydrocarbons 
B benzoh a, which resembled Mycobacterium phlei, grew on phenol and pyro- 
catechol as wi as on benzene B benzoh b was sunilar to Mycobacterium lacli- 
cola Mixed cultures of soil bactena studied by Wagner quantitatively destroyed 
samples of crude oil which probably contamed naphthemc, ahphatic and aromatic 

liydrocflii)Oiis 

The bactena studied by Tausz and Peter (152) faded to attack benzene, toluene 
1 several different ahphatic, olefime and naphthemc hydrocarbons 

attacked Caprjdene, hexadecene (cetene), cyclohexane, methylcyclo- 
hexane and paraffime hydrocarbons rangmg from n-hexane to tetratnacontane, 
r H- were oxidized by Bacterium aliphaticum Itquefaciens After notmg a 
hi h degree of specificity m the abihty of vanous bactena to attack different 
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kinds of lij’^drocarbons, Tausz and Peter proposed the use of bactena for the 
analysis of petroleum and for the punfication of hydrocarbons 

Some of the hterature on the microbial utilization of petroleum hydrocarbons 
has been summarized m short re\'ieivs by Hessel (67), Tausson (144), Bushnell 
and Haas (19), Strarrmski (132) and ZoBell et al (181) The hterature on the 
microbial utihzation of rubber hydrocarbons has been summarized by ZoBell 
and Beckwith (179) 

MINER iL REQUIREMENTS OF HYDROCARBON OXIDIZEBS 

The microbial oxidation of hydrocarbons takes place m very simple media and 
throughout a vide range of environmental conditions When enriched with 
hydrocarbons the v ater from lakes, nvers, weUs and oceans generally prondes 
for the multiphcation and biochenucal actmties of hydrocarbon oxidizers The 
conditions necessary for the microbial decomposition of oils have been sum- 
marized by Tausson (141) as follows (a) a physiologically balanced mmeral 
salts solution, (b) the presence of a mtrogen source, such as ammomum or mtrate 
ion, (c) free oxygen, and (d) a reaction near neutrahty 

Hydrocarbon oxidizers ha\ e been cultivated m both sohd and hqmd media 
over a wide range of salinity, oxygen tension and temperature Except for the 
special techmques required for dissohung or dispersmg gaseous, hqmd and sohd 
hydrocarbons m nutnent media, hydrocarbon oxidizers are cultnated m the 
same v ay, m general, as other tyiies of bactena, yeasts or molds 

The mmeral solution first employed by Sohngen (119) for the cultnabon of 
methane-oxidizmg bactena consisted of 0 05% K;HP04 ,01% hlgXHjPOi 6H2O 
and 0 01% CaS04 dissolved m distilled water Wagner’s (164) mmeral solution 
contamed 0 1% each of K2HPO4 and NHjNOj , 0 025% ]\'IgS04 and traces of 
FeClj and CaCl2 Accordmg to Bushnell and Haas (19), the followmg mmeral 
solution proved to be qmte satisfactory for the cultivation of a large vanety of 
hydrocarbon-oxidizmg microorganisms 


DistiUed water 

1,000 Oml 

MgSO, 

0 2g 

CaCl: 

0 02g 

KH 1 PO 4 

1 Og 

KiHPO. 

1 Og 

XHtNO, or (NH4):S04 

1 Og 

FeClj (cone sol ) 

2 drops 


A similar mmeral solution was used by Stone el al (129) except for the addition 
of traces of !Mn and Zn, which were thought to promote the growth of hydro- 
carbon oxidizers 

The mtrogen requirements of most hydrocarbon oxidizers are satisfied bj am- 
momum salts Nitrate mtrogen is utilized bj' many hlethane-oxidizmg bac- 
teria Mere found (94) to grow almost equally well on any concentration of either 
XH4CI or IvNOs rangmg from 0 00025 to 0 3% Orgamc compounds such as 
leucme, asparagme or peptone also satisfied the mtrogen requirements Growth 
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as best m d medium containmg from 0 1 to 0 5% KjHPO, and veiy poor m 
media contaimng less than 0 005% I^HPO< 

Bushnell and Haas (19) found that the presence of 50 mg/L of phosphate was 
necessary to secure minim um growth of cultures of Pseudomonas m media con 
tainmg hydrocarbons as the only source of energy, suggesting that under certain 
conditions phosphorylation may play an unportant r61e m hydrocarbon metabo- 
lism as It does in carbohydrate metabolism The abihty of Corynebactenum 
species to attack hydrocarbons was not affected by the lack of phosphate (19) 
We (178) have found phosphate to be beneficial for the microbial oxidation of 
hydrocarbons 

ZoBell et al (181) used sea water fortified with 0 1% FeldHtPOi for growmg 
hydrocarbon oxidizers from manne sources Sea water diluted 1 10 with dis- 
tilled w ater and enriched wuth 0 1% FeNH 4 P 04 proved to be an excellent mineral 
solution for the cultivation of hydrocarbon oxidizers from “fresh-water” sources 
Oil-w ell bnnes having salimties as great as 300,000 mg/L have)ieen used success- 
fully for the cultivation of hydrocarbon oxidizers found therem Elazan-Volcam 
(34) isolated bacteria from the Dead Sea which grew m 25% salt solution en- 
nched with kerosene or petroleum Hydrocarbon oxidizers have been demon- 
strated (178) in manne sediments, both ancient and recent, which grew m sea 
water treated with 10 to 25% NaCl and cnnched with paraffin oil Sea water 
contains an average of 3 to 3 5% solids, most of which is NaCl 

Since the microbial oxidation of hydrocarbons is usually accompamed by acid 
production, the presence of carbonate or phosphate m the medium is desirable to 
buffer it at a favorable hydrogen-ion concentration The reaction may become 
more aUcahne m hydrocarbon media m which mtrate is bemg reduced Tausson 
(144), like many earher workers, recommended the use of media which were 
approximately neutral m reaction Bushnell and Haas (19), however, observed 
that hydrocarbon oxidizers are not extremely sensitive to changes m hydrogen- 
ion concentration withm the range of pH 6 to 9 5 This was confirmed by ZoBell 
et al (181), w ho observed the luxunant growth of hydrocarbon oxudizers through- 
out the range of pH 6 to 10 The assimilation of paraffin wax by Aspergillus 
versicolor was mdependent of the imtial reaction between pH 6 8 and 7 9 (70) 
The hydrocarbon oxudizers studied by Strawmski (132) were active from pH 5 to 
8, but they grew best at pH 7 6 to 8 

EFFECT OF OXYGEN TENSION 

Hydrocarbons are attacked by microorganisms growmg under both aerobic and 
anaerobic conditions The growth of aerobes appears to be equally good at any 
oxygen content rangmg from 0 1 to 20 or 30 mg/L (When m equihbnum with 
the atmosphere at 25°, the oxygen content of fresh water is approximately 8 6 
mg/L ) ZoBell et al (181) noted that the multiphcation of hydrocarbon oxi- 
dizers contmued unabated untd the oxygen content of the medium was reduced to 
less than 0 1 mg/L The oxidative metabohsm of such organisms, however, is 
influenced by the presence of oxygen (170) For example, from three to four 
tunes as much ether-exiractable material was recovered (132) from aerated than 
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from unaerated cultures growing on naphthalene under otherwise comparable 
conditions Others (91, 136, 141) have also found that Mgorous aeration pro- 
moted the dissimilation of hydrocarbons by microorganisms 
In their pioneer work, I^aserer (83), Sohngen (119) and Stormer (131) used an 
atmosphere consistmg of about equal volumes of ovygen and methane for demon- 
stratmg the microbial oxidation of methane Munz (94), howeVer, found that 
Methanomonas mcihamca grew best in an atmosphere consistmg of a higher con- 
centration of methane than ox 3 ’gen In our expenence (178) about 40 volumes 
of oxygen to 60 volumes of other gases is about as much oxj'-gen as can be used 
advantageouslj’’ for the cultivation of methane oxidizers Higher concentrations 
of ox’j’-gen retard the multiphcation of Methanomonas meihamca Imtial growth 
IS equally good m gas mixtures conta inin g much less than 40% oxygen, but v hen 
the mitial gas mixture contains only a i erj' httle ox'j'^gen, the early depletion of 
oxygen arrests further actiiuty unless the oxygen supply is replenished This 
may be illustrated by data from a representative experiment (178) m which 
methane-oxndizmg bactena were grown m a mmeral solution m bottles contammg 
150 ml of different gas mixtures as follows 


INITIAI. CAS lUXlURE 

CH 4 CONSUilED IK 7 DAYS 

AT 2B* 

CHi 

Oi 

COi 

% 

% 

% 

ml 

20 

80 

0 

4 7 

40 

60 

0 

12 1 

60 

40 

0 

18 3 

70 

30 

0 

20 5 

80 

20 

0 

18 9 

60 

45 

6 

32 3 

60 

40 

10 

39 4 

60 

40 

10 

38 0 


The data from this and similar experiments mdicate that the presence of from 5 
to 10% COi m the gas mixture enhances the activity of methane oxidizers Nei- 
ther carbonate nor bicarbonate ion has proved to be as satisfactorj' as free COj 
for imtiatmg the growth and actinty of methane oxidizers 
While the microbial oxidation of hydrocarbons is primarily an aerobic process, 
the substances are attacked m the absence of free 0 x 3 gen A good manj- hydro- 
carbon oxidizers can utdize mtrate or sulfate as hj'drogen acceptor Badenum 
bcnzoh (142) oxidized about S grams of benzene m 42 daj s at 28° utihzmg mtrate 
as the hj'drogen acceptor The reduction of mtrate bj" hj-drocarbon-oxidizmg 
microorganisms has been commonlj'" noted (19, 138, 154, 181) The bactena m 
the oil-soaked sod studied bj' Beckman (11) attacked hj'drocarbons under either 
aerobic or anaerobic conditions, but the nature of the hj-drogen acceptor was not 
speciHed The oxidation of petroleum bx* bactena m oil-well brmes imder 
anaerobic conditions has also been reported (92) 

Tausson and Aleshma (146) demonstrated the utilization of hydrocarbons by 
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Btnctly auaerobic sulfate reducers The oxidation of phenanthrene, naphthalene 
and related compounds by anaerobes which utilized sulfate as the hydrogen 
acceptor as observed by Tausson and Vesselov (149) Sulfate reducers have 
been obseiwed to oxidize crude oil (89) The action of Desulfombno species on 
paraffinic hydrocarbons has been reported by Novelh and ZoBell (99) It la 
quite possible that the apparently autotrophic sulfate reducers studied by Czurda 
(25) were actually utihzing the paraffin wax employed to exclude oxygen from 
the cultures 


EFFECT OP ORGANIC MATTER 

The presence of peptone, carbohydrates and other types of readily utilizable 
organic matter mterferes n ith the assimilation of hydrocarbons by some, but not 
all, microorganisms Presumably such orgamc materials are preferentially 
attached, and their oxidation results in depletion of oxygen and lowenngofthe 
oxidation-reduction potential (175) toapomtwhere only anaerobes can function 
We have been unsuccessful m demonstrating the decomposition of hydrocarbons 
by sulfate reducers in the presence of an abundance of other Lmds of readily 
utihzable orgomc matter 

Follow mg prolonged cultivation on nutnent agar or gelatm, Badenum alt- 
phattcum attacked hydrocarbons much less readily than cultures of this organism 
which had been mamtained on mineral salts media ennched mth hydrocarbons 
(152) Sunilarly, methane oxidizers tended to lose them ability ^ utilize meth- 
ane when cultivated m nutnent peptone or smiilar orgamc media (1) After 
notmg its abihty to grow m either orgamc media or m exclusively mmeral media, 
Meffianomonas melhanica was characterized by Mhnz (94) as a facultative auto- 
troph Neither 0 6% asparagme nor 1 0% peptone affected the oxidation of 
paraffin w ax by soil microSrganisms (53) It has been observed that naphthalene 
actually disappeared more rapidly from sod nob m orgamc matter than from 
orgamc-poor soils (91, 136) 

Low concentrations of orgamc matter (less than 1 mg/L) generally promote the 
microbial assimilation of hydrocarbons, probably because the readily utihzable 
orgamc matter provides for the multiphcation of microSrgamsms which then 
attack the hydrocarbons Moreover, the COi which results from the oxidation 
of organic compounds may have a beneficial effect upon imtiatmg the activity of 
hydrocarbon oxidizers Especially beneficial are small quantities of certam 
growth factors, mcluding yeast extract, mcotmamide, riboflavm, pyndoxme, 
thiamme and ascorbic acid, used either alone or m combmations 
After transferrmg their cultures 10 to 15 times on kerosene media without any 
dimmution of growdh, Bushnell and Haas (19) concluded that either hydrocarbon 
oxidizers do not require accessory growth factors or the organisms with which 
they were workmg were able to synthesize these substances Certam yeasts 
have been found to produce a growth substance resembimg ‘'hios" when grown m 
mineral media with paraffin as the sole source of energy (137) 

Badenum aliphaiicum, which utilizes numerous paraflSmc hydrocarbons, bM 
been shown (80) to grow readily on peptone media and to utilize a large number of 
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carbohydrates Most of our stock cultures of hydrocarbonoclastic bactena are 
mamtamed on peptone agar slants It has been found (178), ho'u ever, that upon 
transferring such cultures to mineral media the bactena attack hydrocarbons 
more energetically if they have been mamtamed on agar slants flooded with 
paraffin oil This suggests selective enz 3 Tne formation, although a good many 
stock cultures ha^’mg no previous historj’’ of contact vuth hydrocarbons readily 
utilize hydrocarbons m appropriate media (58, 178) 

TEMPERATURE REQUIREMENTS 

Most of the experimental work on the microbial decomposition cf hydrocarbons 
has been conducted at temperatures rangmg from 25° to 37° In demonstratmg 
methane oxidation by soil bactena, Kaserer (83) mcubated his cultures at 28° 
to 30° Sohngen (119) cultivated Methanomonas methantca at 30° to 37° 
Wagner (164) used an incubation temperature of 25° m studjung the decomposi- 
tion of hydrocarbons by Bacillus benzoh The methane oxidizers studied by 
Munz (94) were active at temperatures rangmg from 18° to 40°, maximum 
activity occumng at 34° 

Sohngen (121) was able to demonstrate the largest number of hydrocarbon- 
oxidizmg microorganisms m soil u hen the cultures were mcubated at 26° to 30°, 
but hydrocarbons i\ere decomposed more rapidly at 37° In one senes of ex- 
periments there was endence for the microbial attack of paraffin by cultures m 
two daj's when mcubated at 28° or 37°, while at 20° a w eek was required for such 
evidence Similarly, Stone et al (129) foimd hydrocarbon oxidizers to be more 
active at 30° and 37° than at 20° 

Although an mcubation temperature approximatmg 27° was used for studjung 
the microbial decomposition of hydrocarbons, Haas (58) noted the growth of 
certain Pseudomonas species at 47° Some of the hydrocarbon oxidizers isolated 
from marme matenals by ZoBell ci al (181) decomposed seven tunes as much 
paraffin at 55° as at 22° Others were active at temperatures as low as 0°, al- 
though it required se^ eral weeks to establish this point because the rate of mi- 
crobial actiMty at low temperatures is very slow Bactena which destroyed 
phenol at 60° werestudied by Egorova (33) 

DISPERSION OF HYDROCARBONS IN CULTURE MEDIA. 

Hj’-drocarbons are virtually insoluble m w ater with the exception of gaseous 
ones, the solubihty of w hich is largely a function of the partial gas pressure This 
presents a problem m dispersmg hj'drocarbons m mineral solutions so that they 
will be a\ ailable to attackmg microorganisms By mamtaming an appropnate 
atmosphere of gaseous hj drocarbons m a closed sj stem, it is possible to pro\-idc 
for an optimum concentration of such hj drocarbons m the mmeral solution, but 
the dispersal of less soluble hquid and solid hj drocarbons requires special tech- 
Diques m order to obtam the best results The chief factor w hich limits the mi- 
crobial decomposition of hj drocarbons is the dispersion of the latter m such a w ay 
that they can be acted on by enzj-mes 

Using a shght modification of the method emploj'ed by Sohngen (121), Bushnell 



8 


CLAUDE E ZOBELL 


[vOL 'lO 


and Haas (19) noted that the vapors from shghtly volatile hydrocarbons, such as 
petroleum ether or gasoline, poured mto the hd of an inverted petn dish were 
sufficient to support the growth of bacteria on nimeral-salts agar streakedwith 
source matenal When working viuth relatively non-volatile hydrocarbons, such 
as kerosene or hght oils, the hydrocarbon was poured over the surface of inocu- 
lated agar uith good results Liquid cultures were covered with a thin layer of 
hquid hydrocarbons The thickness of the layer of hydrocarbons did not affect 
the growth of the imcroSrganisms Paraffin was added to the medium m a 
melted condition, thereby givmg a rough irregular mass of paraffin which offered 
sufficient surface for bactenal action Most workers have mtroduced paraffin 
wax m this manner, or else cut it mto thin shavmgs m order to expose as much 
surface as possible to the action of organisms 
The effect of surface area exposed to the culture is illustrated by the followmg 
data obtained m an ex^penment m which identical quantities of paraffin m vanous 
forms were mtroduced into a mineral medium (178) The medium, m 120-mI 
glass^stoppered bottles, was moculated with bactena and, as a cntenon of 
microbial activity, the oxygen content of the medium was determined before and 
after mcubation 


arm ' 

KETHOO or DtSFKCSIOK 

EtntrAce amza 
tXTOSXD JO WCDWU 

OCDimWXDJW 

7 DAYS AT 28 



CM* 


1 

Ooe 10 nun cube 

6 

0 02 

2 

Eight B mm cubes 

12 : 

0 01 

8 

64 2 5 mm cubes 

24 

0 03 

4 

102 thm slices 

m 

1 32 

5 

Bottle surface coated 

148 

1 05 

6 

Bottle -f sand surface 

830 

2 69 

7 

Bottle -h glass wool 

1,900 

4 11 

8 

Control (No paraffin) 

0 

002 


In the first four sets 0 9 g of paraffin (mp about 55°) was cut mto pieces of dif- 
ferent sizes and added to each bottle In the fifth set 0 9 g of paraffin was melted 
and the bottles manipulated while coolmg so that the mterior surface of the bottle 
was completely covered with a thm layer of paraffin. This process was repeated 
m dispersing the paraffin m the sucth and seventh sets of bottles whose mtenor 
surfaces were supplemented by the surface of igmted sihca sand and glass wool, 
respectively From the data m the table it will be observed that there was a 
direct relation between the surface area of paraffin exposed to the culture and the 
consumption of oxygen ZoBeU (172) has shown that bactena m dilute nutnent 
solutions benefit by the presence of solid surfaces, and this is particularly true of 
' actena 

the rate of hydrocarbon utilization to be duectly pro- 
rea of culture m contact with oil, crude oil bemg oxidized 
square decimeter of culture surface m 24 hours at 28 


JjydrocflrboD-oxidusing b 

Sbhngen (121) found 
portional to the surface a 
at the rate of 15 mg per 
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The groTvth of Micrococcus paraffinae, Mycobacterium album and Mycobacterium 
ruhruvi on paraflon or other hydrocarbon media was largel}^ a function of the 
surface of sod particles dispersmg hydrocarbons m such media (122) Both 
sdicon dioYide and iron oxide stimulated the microbial oxidation of petroleum 
(122) Sod microorganisms qmte rapidly decomposed films of paraffin on kiesel- 
guhr and other particulate substances (53) 

Recogmzmg the importance of the surface factor, Tausson and Shapiro (147) 
expressed the rate of od oxidation m terms of surface area of od axposed to the 
culture Crude oils, for example, were found to be oxidized at the rate of 250 g 
per square meter of free surface m seven months as compared with 100 g of cyhn- 
der od oxidized under similar conditions 
In them studies on hydrocarbon utilization by sulfate reducers, Tausson and 
and Aleshma (146) mixed melted paraffin with powdered glass to mcrease the 
free surface of paraffin The glass also served as a “sinker” to keep the paraffin 
at the bottom of the min eral medium Petroleum was mtroduced mto the 
cultures m the form of a semi-hqmd mass of the foUowmg composition 


Calcium sulfate 

20g 

Calcium carbonate 

10 g 

Kaolin 

100 g 

Petroleum 

30g 


A layer of this dough-hke mixture was tnturated with an equal volume of mineral 
solution, after v hich a layer of the resultmg homogeneous mass 8 to 10 mm thick 
was tr ansf erred to culture receptacles The latter were then filled with mmeral 
solution The mass of dispersed petroleum was sufficiently stable to withstand 
autoclave stenhzation vithout an appreciable separation of the petroleum from 
the sohds (146) 

In order to demonstrate (178) the presence of hydrocarbon-oxidizmg sulfate 
reducers m sod, od-well brmes and other matenal, varying quantities of the ma- 
tcnal in question nere mtroduced mto test-tube “deeps” of a paste freshly pre- 
pared of the foUowmg mgredients 


Plaster of Pans (CaSOi) 60 00 g 

Calcium carbonate 10 00 g 

FeNH.PO. 0 01 g 

Parafl^ oil 10 00 g 


These mgredients v ere mixed to a paste with sea v ater or other mmeral solution 
Upon settmg, the paste hardened mto a slightly porous mass Air was excluded 
by a la} er of paraffin v ax or a mixture of paraffin and petrolatum The reduc- 
tion of sulfate b} hydrocarbon-oxidizmg anaerobes resulted m the formation of 
HsS V hich combmed v ith the iron m the medium, thereby changmg the color of 
the medium from \\ lute to black 

By dispersmg hj drocarbons adsorbed on the surfaces of mert sohds, the mi- 
crobial attack of nearl} all kmds of hydrocarbons tested is greatly increased (178) 
Certam hj drocarbons v hich seemed to be mvulnerable to microbial attack v ere 
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quite rapidly decomposed when dispersed throughout the medium on the surfaces 
of mert solids Asbestos fibers and glass wool have proved to be better than 
sand, presumably because the sand settles m a compact mass to the bottom of the 
culture medium while glass uool and asbestos, which do not pack, distribute the 
adsorbed hydrocarbons throughout the medium Sohd particles of small di- 
mensions such as bentomte, kaolin or talcum powder are not beneficial because 
they pack in a sohd mass at the bottom of the culture receptable and the adsorbed 
oil completely fills the mterstitial spaces so that relatively httle surface is pre- 
sented for the action of nucrodrganisms m the mmeral solution Sohd particles 
smaller than bactena may be mjunous to them (172) 

Small quantities of hqmd and sohd hydrocarbons can be uniformly distributed 
on glass wool, asbestos, sand or other mert sohds by dissolving the hydrocarbon 
m petroleum ether or other suitable solvent The solvent is then evaporated 
while mampulatmg the bottle m such a way that all surfaces are covered 
More rapid utilization is permitted by dispersmg hydrocarbons by emulsifi- 
cation than by adsorption on sohd surfaces (178) Fauly homogeneous emul- 
sions have been prepared by mixmg the hydrocarbon with the mmeral solution m 
a Wanng blender and then passing this mixture through a homogenizer several 
tunes When its addition is permissible, the use of a httle gum arabic or gum 
acacia improves the stabihty of the emulsion Gum arabic is relatively inert, 
bemg attacked by very few bactena and by these only slowly Emulsifymg 
cetane, cetene, kerosene and paraffin oil m mmeral media mcreased their utihza- 
tion by sulfate-reducing bactena more than tenfold as compaxed with their 
'' utilization when adsorbed on asbestos or glass wool 

Johnson et cd (79) isolated hydrocarbon-oxidizing bactena from sod on plates 
of dilute sod-extract agar which had been emulsified with petroleum ether just 
before coolmg 


CRITERIA OF HTOROCAHBON tmUZATION 

Several entena have been used as evidence of the microbial utilization of hydro- 
carbons Commonest among these are the disappearance or modification of the 
hydrocarbon, the production of CO-, acid formation, multiplication of micro- 
organisms or the consumption of oxygen m media consistmg of mineral solutions 
ennehed with hydrocarbons as the only source of energy 
Manometnc methods have been extensively used for followmg hydrocarbon oxi- 
dation m a closed system, a method which is particularly apphcable to quantita- 
tive expenments vith gaseous hydrocarbons such as methane, ethane, propane, 
butane, ethylene, propylene, butylene, butadiene, acetylene and cyclopropane 
The culture receptacle can be fitted with a manometer to register changes m 
mtemal gas pressure, or the culture receptacle can be connected vath another 
bottle of sterile mineral solution m such a way that the sterde solution is sucked 
into the culture receptacle as the hydrocarbon and oxygen are consumed The 
volume of oxvgen consumed by hydrocarbon oxidizers always exceeds the volume 

of COt produced 
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In a typical expenment Sohngen (119) observed the following changes in gas 
composition as a result of the activity of Methanomonas methamca m 102 ml of 
mmeral medium for 14 days at 30° to 34° 



0, 

COi 

CH4 


mJ 

ffjJ 

tn/ 

Initially present 

320 

0 

225 

Present after 14 day s 

172 

78 

0 


The data mdicate that part of the methane had been oxidized to CO 2 Some of 
the methane was converted mto bacterial cell substance as mdicated by the 
accumulation of enough orgamc matter m the culture medium to reduce 48 3 ml 
of N/10 lOInOi The accumulation of orgamc matenals m mmeral medium m 
which Methanomonas methamca was growmg v as also obsen ed by Gighoh and 
Masom (43) 

Stone ei al (129) used a Warburg manometnc apparatus for deter minin g the 
ovj’-gen required for the dissimilation of several oils by mixed cultures It was 
found that the amount of oxj'-gen consumed and CO 2 liberated vaned according 
to the rate of shaking, the temperature of mcubation and the age of the moculum 
The respiratory quotients of hght ods were found to be m the neighborhood of 
0 63, mdicatmg that a large percentage of the molecules attacked was completely 
oxidized to CO* The theoretical respiratory quotient for complete oxidation of 
a long-cham paraffin hydrocarbon with the formula CnH :„+2 is approximately 
0 67 (129) The fermentation of heai'y oils contaimng longer molecules than the 
hghter oils did not yield as much CO 2 , and the respiratory quotients were lower 
than for hghter oils 

Bushnell and Haas (19) found the respiratory quotients of vanous bacterial 
cultures on different hy^drocarbons ranged from 0 30 to 0 70 , there bemg no direct 
correlation betvseen the R Q and the nature of the hy'drocarb on The R Q of 
washed cells of Bacterium ahphaticum averaged 0 47 for heptane, 0 48 for octane, 
0 63 for nonane, 0 63 for dodecane and 0 88 for glucose (79) 

Oxygen consumption m 60-ml glass-stoppered bottles of min eral solutions en- 
nched v ith hy^drocarbons as the only source of energy has been used for studymg 
the occurrence and behanor of hydrocarbon oxidizers m manne materials (181) 
The same procedure has been used for studymg the microbial assimilation of 
rubber hy drocarbons (179) 

The decoloration of methylene blue by' cultures of Bacterium ahphaticum 
liqucfactens grow mg m mmeral solutions ennched wuth hexane signified to Tausz 
and Donath (151) that the dye was utilized as an hy drogen acceptor We (178) 
have found that v hile certam bacteria reduce methy lene blue m the presence of 
certam hydrocarbons, methylene blue reduction is not a reliable cntenon of hy- 
drocarbon utilization because some bacteria which utilize hy drocarbons do not 
decolorize the dy e 

Stone ct al (129) stated that the breakdoism of oil is an oxidative process 
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characterized by a high bactenal count, emulsification and sometimes a decrease 
m pH They observed plate counts rangmg from 12,000,000 to 1,470,030,000 
per ml in moculated media ennched with vanous crude oils or fractions thereof 
after four days’ incubation at room temperature In the majority of cases the 
maMmum plate counts were obtamed after three to si\ days of mcubabon Thou 
sandfold or greater increases m the bactenal population of miheral media en- 
nched with vanous petroleum fractions have been observed (19) after 7 to 14 
days’ mcubation at 27° An mcrease m the plate counts of soil treated with 
benzene and other aromatic hydrocarbons has been reported (91) Mineral 
media inoculated with sod and ennched ivith cetane, naphthalene and biphenyl 
have been found (133) to contam bactenal populations exceedmg a billion per ml 
after a few days of mcubation 

While the appearance of turbidity m hydrocarbon media has been very com- 
monly used as a cntenon of growth of microhrganisms therein, extensive multi 
plication may occur without rendenng the medium turbid This is because some 
organisms are mtunately associated ivith solid surfaces (172) or with the hydro- 
carbon Reed and Rice (105), for example, found that only 5 to 30% of the acid- 
fast organisms axammed remained m the water, 70 to 95% migrate to the oil 
phase Tausz and Peter (152) related that, although the medium showed no tur- 
bidity, bactena attackmg the overlying oil perforated and rendered inhomo- 
geneous layers 1 to 2 mm m thickness The undersurface of the oil layer m 
contact ivith the medium became stnngy and small droplets, pitch-hke m color 
and consistency, broke off and sank to the bottom of the culture flask In other 
experiments (152) the medium overlayed with oil became turbid m three days 
The emulsification of vanous kmds of od by microorganisms has been observed 
by numerous mvestigatora (11, 19, 130, 147, 152, 178) The microbial emulsifi- 
cation of oil 13 due m part to the production of orgamc acids and detergents and 
in part to the penetration of the oil by myriads of microorganisms which cause 
either a mechamcal or chemical dismtegration of the oil Tausz (150) observed 
the physical dismtegration of od by motde bactena draggmg microscopic droplets 
of od with them as they dart m and out of the od overlaying the mmeral solutions 
The production of detergents or surface-active substances by bacteria associated 
with od-beanng sediments has been reported by ZoBell (173) The formation of 
COj by bactena tends to emulsify od 

Acid production by active cultures of hydrocarbon oxidizers is defimte though 
usually inappreciable. Decreases of from 0 1 to 1 6 umts have been observed m 
the pH of media in which hydrocarbons are undergomg microbial oxidation. 
Carbomc and orgamc acids produced dunng the diss im i l ation of hydrocarbons 
ore responsible for the pH decreases 

OXIDA'nON PRODUCTS 

COj always results from the microbial dissimilation of hydrocarbons Bttttner 
(20) found that from 80 to 90% of the carbon m the paraffin decomposed by sod 
oigamsmB in 21 to 31 days could be accounted for as COj The remamder was 
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believed to be converted into cell substances, fatty acids and possibly other inter- 
mediate products Some of his (20) data are summarized below 


inCIOOEGAKISJI 

PAJtATTIN 

DCCOUPOSED 

CO1 

PSODHCED 

C IN 

PAiATTIN 

C IN COi 

CoxmiiED 
TO COj 



mt 

fflf 

mg 

% 

Mycobactefium lacUcola 


6S5 

mm 

162 

84 4 

Mycobacterium ■pMei 


604 


137 

87 9 

Mycobacterium cos (rubrum) 


460 

146 

125 

85 6 

Pseudomonas aeruginosa 


251 

77 

69 

89 5 

Actinomyces chromogencs 

n 

234 

70 

64 

91 3 


Haag (56) pomted out that the amount of paraffin ovidized which could be ac- 
counted for as CO 2 m Bhttner’s experiments may be somen hat too high, because 
the amoimt of paraffin decomposed was determmed by difference m the amounts 
extractable by carbon tetrachloride, and the latter would dissolve not only the 
residual paraffin but also certam lipids that occur particularly abimdantly m 
acid-fast bacteria 

From data gii en by Sohngen (120), it is estimated that about half of the meth- 
ane assimilated by Meihanomonm methamca was oxidized to CO* and the other 
half was converted mto bactenal cell substance and other products of metabolism 
From 20 to 25% of the hexane, CeHn, utilized by manne bactena (181) was con- 
verted mto bactenal protoplasm Similar results were obtamed with 
tetratnacontane, Cj 4 Hjo 

An appreciable portion of the paraffin oxidized by Aspergillus flavus was con- 
verted mto mold mycelium (142) Durmg the first tw o weeks oi mcuhation the 
“econonuc coefficient,” defined by Tausson (142) as the per cent of consumed 
paraffin accounted for as mold mycelium, was about 90% After six or seven 
weeks the "economic coefficient” ranged from 50 to 60% Assuming that the 
carbon content of the paraffin and mold mycehum was 85 and 45% respectively, 
from 25 to 45% of the carbon of the paraffin consumed was converted mto mold 
mycehum Esters of fatty acids and higher alcohols were detected as mter- 
mediate products of metabolism An appreciable portion of the energy resultmg 
from the oxidation of paraffin by Aspergillus and Pemcilhum species is lost as 
heat (148) 

Besides producmg CO; and cell substance, most of the 17 species of hydrocar- 
bon-o\idizmg bactena studied by Sohngen (121) produced orgamc acids as mter- 
mediate products of metabolism The formation of fattj" acids was believed by 
Tausson and Shapiro (147) to account for the marked mcrease m the saponifica- 
tion number and the emulsification of crude oil samples imdergoing microbial 
decomposition The same new w as expressed by Stone ct al (130), who state 
that the drop in pH, the emulsification of unfermented oil and the appearance of a 
residue mdicated that some long-cham orgamc acids were produced by micro- 
organisms attackmg petroleum Similarl 3 ', Bushnell and Haas (19) mterpreted 
changes in pH and emulsification of oil m water as endence that long-chain or- 
gamc acids were formed dunng the microbial decomposition of hjdrocarbona 
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BushncU and Haas (19) clauned that there was also some evidence to suggest 
teat unsaturated hydrocarbons were formed by bactena growing on mineral oil 
1 races of unidentihed unsaturated hydrocarbons were detected by Tausz and 

Donnth (151) m cultures of Bocleniunaiip/iaiicimJiguo/aaensgroivmg on he-sane 

Mycohaclcnum species gromng on parafEn nax were observed by Haag (56) to 
cause a decrease and then an increase in the iodine number, which was beheved 
to indicate that the bactena preferentially attacked double bonds and then pro- 
duced unsaturated compounds 

Indirect e\ idence v\ as obtained by Hop kins and Chibnall (70) which suggested 
that ketones may be pnmary products resultmg from the oxidation of°higher 
paraffins by Aspergillus versicolor Further oxidation of the ketones resulted m 
the production of shorter fatty acids, although COi and mold mycehum were the 
pnncipal end products of metabolism 

From a culture of mold resembhng Aspergillus flavus which had been growing 
for 12 i\ eeks m a medium imtially contammg 3 65 g of paraffin, Tausson (138) 
recovered 1 24 g of mold mycehum, 1 29 g of residual paraffin and 0 234 g of non- 
acidic products which were assumed to consist m part of esters of the higher ah- 
phatic alcohols Fatty acids and COj were produced durmg the oxidation of 
paraffin by certam yeasts (137) 

The formation of a compound contammg the oxyphenol group resulted from 
the action of sulfate reducers on phenanthrene and retene (149) Orthosaheyhe 
acid was detected as one of the mam products resultmg from the oxidation of 
naphthalene by Pseudomonas aeruginosa (134) Jacobs (73) identified phthaho 
acid m cultures of soil bactena dissimilatmg naphthalene Sigmficant quantities 
of salicyhc acid resulted from the dissimilation of naphthalene by the Pseudo- 
monas species studied by Strawinski (132) There was some evidence that the 
dissimilation of naphthalene passed through the aldehyde stage, and the forma- 
tion of a complex substance of higher molecular weight than naphthalene was 
noted The oxidation of naphthalene and cetane gave the medium an acid re- 
action (132) 

Besides traces of acetic and lactic acids, Thaysen (155) reported the formation 
of methane, ethane and acetaldehyde from the microbial decomposition of 
kerosene 

Methods for the bactena! conversion of gaseous parafilmc hydrocarbons to 


oxygenated orgamc compoimds rangmg from low boihng pomt alcohols to waxy 
acids, esters and alcohols have been desenbed m the patent literature (135a) 
It has been claimed that under certam conditions heavier hydrocarbons such 
as butane are susceptible to conversion to unsatuiated compounds capable of 
undergomg polymerization to produce heavy hydrocarbon molecules Allegedly 
these conversions are catalyzed by Bacillus meUianicus and B ethantcus 

Frombactenal cultures growmg on mmeral oil, Haas et al (60) isolated sma 
ouantities of orgamc acids, the meltmg pomts of which ranged from 2a to 30 
No sterols were detected m bacterial cultures actmg on oil, but molcH powmg on 
hydrocarbons were found to produce smaU amounts of 
Carotene was detected as an end product resultmg from the growth of Coryne- 
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bacterium species on paraffin oil It was reported (59) further that two other 
carotenoid pigments besides /3-carotene and astacm were produced by a species of 
Mycobacterium growmg on a substrate composed of mmeral salts and paraffin oil 
A %olatile alcohol, probably isopropanol, was found m a imxed culture of 
yeasts and molds gronmg on paraffin oil (58) Gtycol and glycerol nere pro- 
duced from paraffin oil bj' a Mycobacterium species Seieral of the bacteria 
produced small quantities of od-soluble organic acids from the oxidation of 
hj drocarbons The exudation of cetane by Pseudomonas aeruginosa resulted m 
no change of pH, accordmg to Schuman ct a' (114), but the pH was matenaUy 
lowered durmg the oxidation of naphthalene by this orgamsm 
Acid formation by Bacterium benzoli growmg in mineral media enriched with 
benzene i\ as reported bj^ Wagner (164) COi was the principal product resultmg 

from the oxidation of benzene, although there was mdirect evidence for the for- 
mation of hj'droqumone and various orgamc acids Bacterium benzoli also pro- 
duced acid durmg the oxidation of toluene 
About 15% of the isotopic 7,8,9,10-tetradeuteno-n-hexadecane absorbed by 
rata was found by Stetten (127) to be oxidized to fatty acids, apparently m the 
hx er The catabohe route of the hydrocarbon was indicated by the appearance 
of a sigm6cant though low concentration of DjO m the body water and a notably 
higher isotope concentration in fattj' acids of the carcass The hexadecane was 
beheved to be absorbed pnor to alteration of the molecule by bactena m the m- 
testme and to be converted mto palmitic acid by the oxidative attack on a termi- 
nal methj 1 group El Mahdi and Channon (36) , working v, ith rats, and Channon 
and Dexme (22), working vith cats, concluded that n-hexadecane x\as absorbed 
and catabolized b}" these animals, after findmg much less of the hj'-drocarbon m 
the bodj and excrements than the amount fed The recover^' of muconic acid 
contammg 7 2 atom% deutenum from the urme of rabbits mjected with deu- 
teno-benzene, CcDe, x\as regarded as exudence that rabbits can oxidize benzene 
(62a) The oxidation of p-ejunene to cumic acid by sheep and the partial 
oxidation of tvo carcinogemc hydrocarbons, 3 ,-4-benzopyrene and 1, 2,5,6- 
dibenzoanthracene, bx' rats and mice has also been reported (62a) The modi- 
fication of caremogeme hydrocarbons bx' microbial enz 5 'mes is a possibihty xvhich 
ments consideration 


KINnS OF HYDROCARBONS ATTACKED 

Crude oils, illummatmg gases, petroleum ethers, gasohnes, kerosenes, fuel oils, 
paraffin or nuneral oils, petrolatums, asphalts, paraffin xxaxes, and rubber both 
natural and sjmthetic, besides numerous chemicallj pure h 3 drocarbons baxu 
been shoxin to be oxidized bj' a great xanety of microorgamsms Although 
numerous papers on this subject hax e appeared during the last forty years, our 
knoxx ledge is still so fragmentarx^ that anj’’ generalizations may be premature 
The mterpretation of experimental results is compheated by the complexity and 
highty X anable composition of crude oils, asphalts, rubbers, etc In the face of 
madequate information on the chemical composition of such substances, it is 
mdeterminate xxhether obserxed results are attributable to particular hydro- 
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carbons, other types of organic compounds or morganic constituents m the 
products, or to pecuhar experimental conditions Even work with pure hydro- 
carbons is comphcatcd by vast differences m physical properties mcludmg 
solubility or miscibility m water, which make it virtually impossible to test their 
utiJizabihty under strictly comparable conditions 
In the aliphatic senes it appiears that, m general and withm certam limits, long- 
cham hydrocarbons are attacked more readily than compounds havmg only a 
few carbon atoms per molecule Substantiatmg this generalization is the fact 
that methane, CHi , ethane, CjHs , and propane, CjHj , are oxidizedby relatively 
few organisms and by these only slowly, while paraffin waxes consistmg mainly of 
compounds ranging from CmHc to C<oHs; are utilized readily by a large number 
of imcroorganisms A partial list of the microSrganisms which have been re- 
ported to assimilate paraffin wax is given m table 1 
Sbhngen (121) reported that the growth of certam cultures m 200 ml of nuneral 
medium ennched with 2 g of finely divided paraffin wax resulted m the oxidation 
of the f oUowmg quantities of paraffin m a month at 28° 


cutrum 

PAtATnK OZQ>12C]> 


m: 

MycohacUnum album 

300 

Mycabaelvnum rubrum 

330 

Microeccoui parafiTiae 

180 

Bactenum Jluareecene lig 

180 

Raw culture 

640 


None of these pure cultures could assimilate methane, and the bacteria grew less 
rapidly on pentane, hexane, heptane and octane than on higher paraffimo 
hydrocarbons 

Accordmg to Tausz and Donath (161), Badenum ahphaticum Itquefaciem 
utilized all ahphatic hydrocarbons rangmg from pentane to decane, but this 
culture attacked no hydrocarbon lower than pentane Their “Methane bac- 


tenum” oxidized not only methane but also hydrogen, ethane, propane, butane, 
pentane, hexane, heptane and higher hydrocarbons m the ahphatic senes with 
mcreasing ease It was concluded that when a given member of the senes is 
attacked by a given organism, it may be assumed that all higher members of the 
senes will also be attacked by the same organism The “Paraffin bactenum” 
descnbed by Tausz and Peter (152) attacked none of the paraffin senes lower than 
hexadecane, CisHm , but it rea^y oxidized tnacontane, CioHa , tetratnacontane, 
CmHto ) and paraffin oil However, the methane oxidizer studied by Miinz (9i) 
utilized neither ethane nor ethylene 

From theoretical consideration based upon thermodynamic reactions, Tausson 
and Aleshina (146) postulated that miUate-reducmg bactena could utilize no 
ahnhatic hydrocarbon of cham length shorter than decane, QoHa Supportmg 
S view 13 the experimental work of Novelh and ZoBell (99). who found that 
decane was feebly attacked by Demljovibno species which faded to attack lower 
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hydrocarbons but utilized with increasing ease tetradecane, C 14 H 30 , eicosane, 
CioHxs , docosane, C^Hig , hentnacontane, CaHw , paraffin oil and paraffin wax 


TABLE 1 

List of mcroSrgamsms reported in chronological order by various authors to assimilate 

paraffin icax 


AUTHOB 


jicaollKCAjnsiis 


Mjyoshi, 1895 (93) 
Hahn, 1906 (104) 
Sohngen, 1913a (121) 


Greig-Smith, 1914 (53) 
Gainey, 1917 (42) 
Tausz, 1919 (150) 
Tausson, 1925a (138) 
BOttner, 1926 (20) 


Haag, 1926, 1927 (56, 57) 
Fleming, 1927 (38) 
Tausson, 1928a (141) 
Tausson, 1928b (142) 
Jensen, 1931 (75) 


Jensen, 1932 (76) 

Hopkms and Chibnall, 1932 (70) 

Tausson and Aleshina, 1932 (146) 
Tausson and Tausson, 1933 (148) 
Jensen, 1934 (77) 

Wackenhut, 1936 (165) 

Sturm and Orlova, 1937 (135) 
Umbreit, 1939 (100) 

Tausson, 1939 (137) 

Fnkson, 1941 (37) 

Bushnell and Haas, 1941 (19) 


Rogers, 1943 (108) 

ZoBell, ei al 1943 (181) 
Novelli and ZoBell, 1944 (99) 


Bolrytis cinerea 

Penicillium species and other soil fungi 
Bacterium fluorescens Itquefaciens, B pyocyaneum, 
B stuUeri, B lipolyticum, B punctatum, Micro- 
eoccus paraffinae, Myeobacienum phlei, M album, 
M luteum, M rubrum, M laelieola, M hyalinum 
Bacterium prodtgiosus , soil microflora 
Soil microflora, especially mold fungi 
MicroSrganisms m soil and canal water 
Mold resembling Aspergillus flatus found in soil 
3 species of Mycobacterium (probablj phlei, laelieola 
and rubrum), Actinomyces chromogenes albus, A 
boms, A eppinger, A iraultrcin, one mold fungus 
Mycobacterium and Actinomyces species 
Soil molds and bactena 

Penicillium, Aspergillus and Pseudomonas species 
Soil microflora 

Actinomyces albus, Proactinomyces paraffinae, P 
agreslts, P polychromogenes, P actinomorphus, P 
minimus 

Proactinomyces corallinus, P salmonicolor, P opacus, 
P crythropolis, P paraffinae 
Aspergillus versicolor, A flatus, A effusus, A tuman, 
A parasiticus, A oryzae 
Sulfate-reducmg bactena from soil 
Aspergillus flaws and PeniciUum species 
Mycobacterium species 
Unidentified bactenum from crude oil 
hDcroOrganisms from Ala-Kule Lake 
Actinomyces asteroides, A farcinica, A gypsoides and 
several Proactinomyces species 
Debaromyces, Hanscnula, Endomyces, Torulopsis and 
Manilla species 

10 strains of Micromonospora from lakes 
Mycobacterium phlei , M leprae, M smegmatis,Coryne- 
bactenum simplex, C fimi,C lumescens, Penicillium 
species and Pseudomonas species 
Micrococcus paraffinae and microflora of water 
Microflora from marine sediments and sea water 
Desulfombno species from soil and manne sediments 


Strawinski and Stone (133) found that hydrocarbons m the range of CioH- to 
CJisHw were oxidized by soil bactena more readily than those of smaller molecular 
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B-cjght This obse^atmn was confinaed by Stone et al (129), who reported 
furthei^ hoBever, that heavy viscous oils are not utilized as readily os hehter 
oils This V as attnbuted partly to the fact that the more viscous ods are harder 
to disperse m liquid media and hence there is less surface exposed to microbial 
enzymes, but it was beheved to be due partly to the difficulty with which the 
larger molecules in heavy oils are assunilated 


The inability of Aspergillus vcrsczcolor to assimilate larger molecules of paraffin 
than CiiHyo w as demonstrated by the experiments of Hopkins and Chibnall (70), 
who obtained results ns follows in mineral media enriched with various paraffins 
finely divided with a microtome 


HYDlOCAtfiOM 

nmiutA 

GKOTrm 

n Tncosone 


Good 

n Heptflcosane 

CitHji 

Fair 

n Nonacosonc 

CaH.o 

Fair 

n Tnacontane 

CasHc 

Fair 

n-Tctratnncontane 

C«Hro 

Slight 

n Pcntatnacontane 


None 

ParafSn wav 


Good 


Paraffin w ax havmg a melting point of 45° was found to pronde for the growth 
of soil fungi and bacteria better than paraffin wax meltmg at 56° (JOJ) 

Straw inski (132) concluded that the higher the molecular weight, the longer 
the cham, and the more saturated the compound, the more susceptible aliphatic 
hydrocarbons up to Cjs are to dissimilation by mrxed cultures of soil bacteria 
This conclusion was based upon plate counts on mmsral media ennched with 
various hydrocarbons The results of one of his (132) axpariments follows 


irVDBOCAMO'f 

rOUOTIA 

PLATE coim nn ml 

Cetane 

C„H„ 

890,000,000 

n Pentone 

CHv=CHCH CHjCH, 

181,000,000 

Octcnc 

CH,CH=CH(CH )<CH, 

30 000 000 

Diisobutjlene 

{CH,),CCH,C (CH,)=CH, 

13 090,000 

Trimcthylethj lene 

(CH,),0=CHCH, 

6,100,000 

Ibo octane 

(CH,),CH(CH.),CH, 

6,000,000 


CHjCH— CHCHiCHj 

700 000 

n Octane 

CH,(CH ).CH, 

10,000 


Pseudomonas species and other cultures writh which Bushnell and Haas (19) 
w orked grew' better on paraffin wax and mmeral oils than on kerosene, and better 
on kerosene than on gasohne or petroleum ether Mycobactenum species studied 
bv Haas ci al (60) grew w ell on paraffin wax but not on gasolme and only poorly 
on kerosene Coniersely, a Pseudomonas species was obsened which would 
grow on petroleum ether, gasohne and kerosene but not as readily on mmeral oils 

^’'u^^-ygen consumption as a cntenon of activity, ZoBell et d (181) found 
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petrolatum and lubncatmg oils to be oxidized more rapidly by nuxed cultures of 
marme bacteria than kerosene, and kerosene i\as oxidized more rapidly than 
gasoline This is m agreement w ith the obser\ ations of Johnson ei al (79) that 
Bactenum ah'phal'icum and Pseudomonas jluorescens gre^\ mth mcreasmg ease on 
gasoline, kerosene, lubncatmg oil and paraffin oil Pseudomonas jluorescens 
grett on no hj drocarbon of shorter chain length than dodecane, CnH-g , but Bac- 
terium ahphalicum grew less profusely on dodecane than it did on hexane, hep- 
tane, octane or nonane Johnson et al (79) speculated that hj'-drocarbons w hich 
are po^\ erful fat soh ents maj’’ be less readily tolerated or assimilated than those 
■which are less hkely to dissolve cell hpids As a case m pomt, it u as related that 
neither benzene, toluene nor xylene was assimilated by P fiuorescens or B 
aUphaitcum 

Whether the common observation that aliphatic hydrocarbons are attacked 
more readily and by more organisms than aromatic hydrocarbons is attnbutable 
to the physical properties or the chemical configuration of the compounds is 
mdetermmate, but a good many nucroorgamsms are known to attack benzene 
and its derivatives Stormer’s (131) Bacillus hexacarbovorum utilized toluene 
and xylene, these benzene denv atives bemg mjunous only when added to min eral 
media m concentrations exceedmg 1 10,000 Wagner’s (164) two organisms, 
Bactenum bemoh a and 6, utilized benzene, toluene and xjdene 

The abihty of soil bactena to assimilate benzene, toluene, naphthalene and re- 
lated aromatic compounds generally regarded as antiseptics has been established 
(52, 73, 91, 116, 136) Wackenhut (165) isolated an organism from Russian 
crude oil which developed slow ly on benzene 

Among the numerous hydrocarbon-oxidizmg bactena mhabitmg soil m the 
Baku oil fields of Russia, Tausson (140) found Bacterium naphthahmeus, Bacillus 
naphthahmeus Itqucfaciens and Bacillus naphthahmeus non-hquefaciens, which 
oxidized naphthalene Fion od soaked sod Tausson (143) also isolated Bacillus 
phenanthremeus balnensis and Bacillus phenanthrenicus guncus, both of which 
utihzed phenanthrene besides other hj’-drocarbons In his review of the hterature 
on the subject Tausson (144) named additionally Bacillus benzoli and Bacillus 
toluolicum, w'hich oxidized toluene, xylene and benzene Sulfate reducers have 
been found to attack slowly naphthalene, phenanthrene and retene (149) The 
sulfate reducers studied bj’’ Novelh and ZoBell (99) were unable to attack naph- 
thalene, anthracene, benzene, xjdene or cyclohexane 

Most of the Micromonospora species studied by Enkson (37) oxidized toluene 
and naphthalene The oxidation cf naphthalene, anthracene, xylene, toluene 
and benzene bj' mixed cultures of marme aerobes has been reported (181) 

Ennchment cultures of soil bactena have been found to attack naphthalene, 
diphen 3 d, methj^lnaphthalene, tetrahn, butjdbenzene and decahn (133) Cetane 
or n-hexadecane w as the most rapidly attacked of anj-- of the 18 compounds stud- 
ied Naphthalene and diphenyl supported bactenal populations only shghtly 
smaller than did cetane 

Neither benzene nor xjdene were attacked by Actinomyces ohgocarbophilus (86), 
which assimilated higher ahphatic hydrocarbons but not the lower ones None 
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of the pure cultures of hydrocarbon oxidizers studied by Tausz and Peter (152) 
■a as able to utilize benzene, toluene or xylene After noting that theu- Bacterium 
ahpkaitcum quantitatixely decomposed ahphatic hydrocarbons rangmg from 
hexane to tetratnacontano but attacked neither aromatic nor naphthemc hydro- 
carbons, Tausz and Peter proposed the use of this and related organisms for 
freeing aromatic and naphthemc hydrocarbons from ahphalic compounds 
When grown m mixtures of hydrocarbons, Baclcnum ahpkaitcum hquefacienc 
quantitatively utilized aliphatic and naphthemc hydrocarbons, leavmg aromatic 
compounds unaltered This latter organism grew profusely on cyclohexane, 
methylcyclohexane, 1,3-dimethylcycIohexane and 1,3,4-tnmethyIcyclohexane 
Both Baclcnum ahphaltcum and B altphaitcum hquefaciens grew better on 
caprylene or octene, CsHu , than on octane, CjHis (152) This suggests that 
unsaturated compounds may be more susceptible to microbial attack than satu- 
rated ones Haag (56) concluded that unsaturated bonds m molecules are at- 
tacked preferentially, after notmg that the higher the lodme number of parafSn 
waxes the more readily they were utilized by Mycobacterium species as shown by 
COi production 


PAlAmKKUlCBCft 

laXTZNO POZKT 

JODQCC mncscit 

CO) FtOOOCCD vn 21 DATS 
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6 
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’ 125 1 

7 
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8 

69° 

2 8 

132 S 

9 

60-63° 

2 4 

96 6 

Ceresm 

62° 

1 8 

252 S 

Oxooente 

67-69° 

1 3 

161 3 


Ceresm and ozocente are complex mixtures of hydrocarbons and other com- 
pounds Treatmg paraffins to remove double bonds rendered the^ resulting 
compounds less susceptible to attack by bactena The Mycobacienum species 
studied by Haag developed shghtly on amylene or pentene, CtSu, but not at all 
on pentane, CsHjj , methane, ethane or ethylene (56) 

In his studies on the disappearance of ethylene, HjC=CH!, from npe apples 
and bananas. Nelson (96) overlooked the possibihty of the microbial consump- 
tion of ethylene The susceptibihty to microbial attack of natural and synthetic 
rubbers, which are essentially polymers of unsaturated hydrocarbons, mdica^ 
fhftt at least certam kinds of unsaturated hydrocarbons are easily oxKhzed by 
“oto— ^9) we (178) have observed to. 

“tie, Ci 6H« , was oxidized from 13 to 30% faster by DesulSombno species than 

naphthalene provided for a better growth of soil bactem 
than tetrahn id that tetrahn was utilized more readily than decahn, Strawinski 
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(132) concluded that the saturation of naphthalene reduced the availabihty of 
the compound to microbial action 
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Conversely, both cyclohexane and ethylcyclohexane were utilized more readily 
than either benzene, toluene or propylbenzene 
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The bacteria greii better on cyclohexane than on ethylcyclohexane, but growth 
was much better on either propylbenzene or butylbenzene than on benzene 
The fragmentary data on the effect of side-chains or branchmg on the microbial 
oxidizabihty of hydrocarbons are contradictory Stravunski and Stone (133) 
and Johnson et al (79) have presented evidence which mdicates that certam 
organisms utilize n-octane more readily than iso-octane (2,2,4-tnmethylpen- 
tane), but the reverse has been reported for organisms studied by ZoBell (173, 
176) Tausz and Peter (152) found that dimethylcyclohexane and tnmethyl- 
cyclohexane vere utilized somewhat more rapidly by Bacterium ahphaticum 
hquefactens than was cyclohexane On the other hand Tausz and Donath (151) 
reported that this organism attacked cetylbenzene but not benzene, toluene, 
ethylbenzene or butylbenzene 
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^ee of the four strains of BaciVus toluohcum studied by Taussoa (143) utilized 
benzene more readily than toluene or ethylbenzene 

It has been noted that soil bactena grew fairly well on tertiary butylbenzene, 
n^butylbenzene and isobutylbenzene but not at all on benzene or toluene (133) 
Either toluene, xylene or phenol was oxidized much more readily by Wagner’s 
(1C4) Baclemm benzoh than was benzene Under comparable expenmental con 
ditions 10 g of toluene were destroyed by this organism in 8 days while only 7 
g of benzene nere destroyed m 38 days The addition of a methyl group to 
naphthalene has been reported (132) to decrease the avaxlabihty of the com- 
pound to microbial action 

According to Matthews (91), the introduction of the methyl group mto the 
benzene nng renders the resulting compound more susceptible to bactenal oxida- 
tion She arranged the compounds as follows upon a basis of their tendency to 
increase tho bactenal population of soil, benzene causing the least nse and pinene 
the greatest 


rosin enf m ustua 
GUI£S 
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CkHh 
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In interpreting these results Matthews proposed the foUowmg explanation, 
which may be subject to question until more expenmental data are available, 
that "In the assunilation of aromatic compounds the most difBcult step is 
probably breaking of the nng It has been found by expenments that 
cyclohexane is much less readily attacked than hexane Now for each nng 
broken benzene gives up 800 umts of energy, pmene 1489 Pmene is therefore 
expected to provide energy more easily than benzene " 

The oxidation of a paraffin, under conditions comparable to those encountered 
by lubncatmg oils m service m modem engmes at 100 to 200®, tends to initiate 
at a beta carbon atom, that of an alkylnaphthalene at a carbon m the nng to 
which an alkyl group is attached, and that of an alkyl aromatic at a carbon m 
an alkyl group adjacent to the nng (182) The initial oxidation product is m 
every case postulated to be a hydroperoxide 0— OH 

0, -k CHj(CH,)„— C— CH» -» CH,(CH2)n— i-CE& 
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Aldehydes, ketones and organic acids arc among the principal products formed 
from the hydropieroxidcs Mudurcs of hydrocarbons do not in general oxidize 
as might be expected, i c , inth the least stable component reacting to the 
greatest extent On the contrary, the naphthalene den\atives, yhich by them- 
selves arc the most stable, seem to be oxidized preferentially in mixtures Paraf- 
fins and naphthenes oxndizc at comparable rates vhen chemically catalyzed at 
tempcmturcs ranging from 30 to 100° (182) The introduction of a benzene nng 
at the end of a paraffin molecule causes an increase m rate, as docs the introduc- 
tion of olefinic unsaturation Oxidation rates may be markedly increased by the 
addition of compounds of copper, lead and iron Similar studies on the factors 
which influence the oxidizability of various hydrocarbons, the mechanism of the 
reactions and the end products resulting from microbially catalyzed oxidations 
are mdicatcd 

OCCXniRENCE OF HYDROCARBON OXIDIZERS IN NATURE 

One of the best sources of hj’’drocarbon-oxidizing microorganisms is oil-soaked 
soil 01 water taken from the bottom of storage tanks containing crude oil or 
petroleum products Such microorganisms also flourish in the water of petro- 
leum separation tanks and sedimentation ponds Nearly all of the million or so 
bactena per ml of w atcr taken from sedimentation ponds in the East Texas field 
were able to utilize the crude oil emulsified m the bnne (178) Equally largo 
populations of In drocarbon-oxidizing aerobes were found in production waters 
Irom separation tanks in the Bradford, Pa , region In a brine sample taken from 
a sedimentation pond at El Segundo, Calif , an average of 8G,000 hydrocarbon 
oxidizers per ml were found (178) 

Bacterial populations as follow s w ere foimd b}' Hans et al (GO) in vanous source 
materials 


FOintCX UATTRUI. 

DACTEBIA rXB UL 

Crude oil Bcdimcnt pond wnter (Tc\ns) 

IGS 000 

Crude oil sediment pond sediment (Texas) 

740,000 

Waste oil pond (Texas) 

4SO,000 

Crude oil soaked soil (Texas) 

3 800 000 

Tank battery oil soaked soil (Texas) 

49,000 000 

Kerosene storage tank \^atcr (I ouisiana) 

310 000 

Gas oil storage tank \\ater (Louisiana) 

1,200 000 

Distillate storage tank a atcr (Kansas) 

981,000 


Other sources from which Haas (58) isolated hydrocarbon oxidizers include water 
from storage tanks containing gasoline, water from separator pits containing 
waste petroleum products, sludge from sedimentation ponds, crude oil from pipe 
lines, crude oil direct from Texas oil wells, water from underground gasoline 
tanks, water from Supplj and Sulfur Springs in Yellowstone National Park, 
fresh-water wells and ordinary garden soil Approximatelj’’ GG% of the hydro- 
carbon-oxidizing cultures were Pseudomonas species Among those identified 
w ere sc\ eral strains of P aeruginosa, P boreopohs, P jluoresccns and P slnata 
Next in order of abundance were species of Mycobaclenum, Proacltnomyces, 
Acltnomifccs, jeast-likc organisms and molds (58) 
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Approximately 95% of the stock cultures of Psuedomonaa obtained by Haas 
(58} from various laboratones and the Amencan Type Culture Collection grew 
in kerosene media, mclicating that the ability to use hydrocarbons is a rather 
general characteristic of this genus Mycobadenum leprae, M phlei and if 
mcgmaks utilized both light and heavy oils and paraffin wax Neither the 
human nor bovine vaneties of M hcbcrculom developed in hydrocarbon media, 
but the avian species grew slowly on paraffin 
After noting that most Mycobadenum species utilize paraffin, while Corync- 
bacienum species nere unable to do so, Haag (57) proposed paraffin utilization as 
a characteristic for differentiatmg these organisms However, several strainsof 
Mycobadenum examined by Jensen (75, 76, 77) seemed unable to attack paraffin, 
although most Mycobadenum species did attack paraffin Both Haag (56) and 
JenseD'(77) reported the inabihty of CoTynehaclenum species to utilize paraffin, 
but Hans (58) found that C simplex and four other umdentified species of 
Corynebadenum grew in media containing either mineral oil or para^ as the 
only source of energy 

Seventeen strains of acid-fast organisms mcluding Adtnomycea asteroides, A 
famnica, A gypsoides and 14 strains classified by Umbreit (160) as Proadt- 
nomyccs grew in Czapek’s mmeral medium ennched with melted paraffin N one 
of the closely related non-acid-fast cultures grew m paraffin media 
Lipman and Greenberg (88) reported findmg a cocco-baciUus which decom- 
posed petroleum m reservoir fluids coming from an oil well 8,700 feet deep 
Sulfate reducers, many of which are known to attack hydrocarbons, have been 
demonstrated m crude oil and oil-well bnnes (9, 10, 41, 45, 46, 47, 89, 90, 178) 
From Russian crude oil, a microorganism was isolated which utilized kerosene, 
benzene, paraffin wax and paraffin oil (165) 

The literature summarized m table 1 is indicative of the widespread and general 
occurrence in soil of organisms which utilize paraffin Sohngen (121) found from 

60.000 to 200,000 paraffin-oxidizmg bacteria per gram of garden soil and up to 

3.000 per ml of ditch m ater A marked mcrease m the abundance of micro- 
organisms m soil treated with paraffin was observed by Jensen (75), who noted 
that nearly all species of Proadinomyces found in sod could utilize paraffin, but 
out of 20 Adtnomyces tested only A albus and Adtmmyces species 218W and 63 
were able to grow on paraffin as a sole source of energy 

Species of Mycobadenum, Adxnomyces, PentciUium, Aspergillus, Bacillus and 
Badenum w'hich attack paraffin were found in nearly all samples of sod, hay, 
leaves, manure and peat exammed by Bfittner (20) Microorganisms which 
attack aromatic hydrocarbons appear to abound m sod as adjudged from the in- 
creased microbial populations resultmg from the addition of benzene, toluene, 

naphthalene, etc (52, 73, 91, 116, 136) , , , v 

By applymg crude oil to sod, Baldwin (4) mduced the growth of hydrocarbon 
oxidizers one of which resembled Mycobadenum hyaltmm Badenum oit- 
phaitcum originally isolated form European sod (152), was found m New Jersey 
sod around a gasohne pump (79) Other hydrocarbon oxidizera have been iso- 
lated from od-soaked sod (11, 140, 141, 145) 

The widespread occurrence of methane oxidizers m 
observations (1, 64, 65, 94, 96, 119, 120, 131, 151, 178) 


sod IS attested by many 
Large numbers of meth' 



1946] 


ACTION OF inCROORGANISMS ON HYDROCARBONS 


25 


ane oxidizers have been found in sewage, manure and nver mud (43, 44) Kus- 
netzow (£5) credits methane oxidizers m lake water wuth plajnng an important 
r61e m depletmg dissoh ed oxygen 

All samples of mud which Enkson (37) collected from Wisconsm lakes con- 
tamed species of Mtcronionospora which utilized paraffin wax, paraffin oil and 
vanous aromatic fij’^drocarbons Paraffin-decomposmg bactena ha\ e been found 
m Ala-Kule Lake, Russia (135) Bottom deposits from the Dead Sea were found 
(34) to contam bactena which utihzed crude oil and kerosene In medicmal 
mud from Tambookansk and Petrosk, Russia, Goobm (49) found, among other 
h 3 drocarbon oxidizers, Bactenwn htdium which attacked ethane, petroleum 
ether and kerosene 

All 0 1 g samples of recent marme sediments and all 60 ml samples of sea water 
exammed by Grant and ZoBell (50) and No\ eUi (98) contamed rmcroorganisms 
which grew on paraffin oil Species of Proaciinomyces, Actinomyces, Pseudomonas, 
Micromonospora and Mycobadenum which assimilated hydrocarbons were found 
(181) to be widely distnbuted m sea water and marme bottom deposits hlicro- 
organisms which can attack rubber hydrocarbons are widely distnbuted m the 
sea and m garden soil (179, 180) The hydrocarbon-oxidizmg Desulfouibno 
species studied by Xo\ eUi and ZoBell (99) w ere isolated from marme sediments 
and garden soil 

After notmg the general presence of hydrocarbon-oxidizmg bactena m fresh 
water from vanous sources, Isjurova (71) cautioned that neither petrolatum nor 
paraffin od could be used as sealmg agents to exclude oxygen m biochemical oxy- 
gen demand tests because these substances are subject to microbial oxidation 
Furthermore, paraffin oil to a depth of 0 5 to 1 5 cm was found to have httle 
effect on the diffusion of oxygen mto underl 3 mg flmds 

MICROBIAH MODIFICATION OF PETROLEtTM 

There is ample endence from field and laboratory observations that crude oil is 
attacked by sod microorganisms The rapid disappearance of od from water- 
ways, from sod around refinenes, leakmg pipe-hnes or od weUs, and from polluted 
beaches is beheved to be due largely to the activity of hydrocarbon-oxidizmg 
microorgamsms This has been descnbed (173) as Nature’s way of “p ullin g 
the cham” for the disposal of od which otherwise would pollute fields and water- 
ways In controlled laboratory experiments the gradual disappearance of od 
added to normal sod and marine sediments has been observed (178), w hde the od 
persists almost mdefimtelj’’ m sterilized sods or sediments 

The oxidation of Amencan and Russian crude ods by sod bactena was observed 
by Sohngen (121) Under favorable conditions as much as 7 5 mg of od per 
square decimeter of od surface exposed to the culture was oxidized per daj at 
28° Wagner (164) noted the destruction of 1 g of crude od m 8 days by Bacterium 
benzoli grow mg m 100 ml of mineral solution overlay ed with crude od 

In 2-hter flasks half -filled with rmneral salts solution moculated with mixed 
cultures of sod bacteria, Tausz and Peter (152) noted changes m laj^ers of crude 
od 1 to 2 mm thick after two or three daj-s’ mcubation at 25° Withm 7 to 14 
dal’s the od layer became a perforated network with holes the size of a pm head. 
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The threads of the network continued to become finer until they gradually dis- 
app^ed Part of the oil, pitch-like m color and consistency, sank to the bottom 
ot the flask Layers of crude oil appreciably thicker than 2 mm were not per- 
orated, presumably because bactenal action was retarded by a lack of o^gen 
Even thm layers of oil remamed mtact m sterile controls 
In an experiment v ith Mendoza crude oil which ongmally contamed 0 3% of 
an asphaltic residue insoluble m petroleum ether, Tausz (150) found 5 2% of 
asphaltic residue after the oil had been acted on by bacteria The view was ex- 
pressed (150) that besides modifymg petroleum m various ways, bacteria con- 
tribute to the sinking of oils to the bottom of the ocean Sinking of oil droplets 
w ns caused by the increased density resulting from the presence of so many bac* 
tena havmg a densitj- greater than that of water 
After observmg the rapid disappiearance of crude oil from the waters and 
beaches of San Francisco Bay following the wreckmg of a tanker, Beckman (11) 
demonstrated the presence of hydrocarbon-oxidizing microSrgamsms along the 
beaches m oil-soaked soil, shme and sewage Bactena and molds caused 
sigmficant changes m the specific granty and viscosity of oils m a month at 40° 
Crude oil emulsions n ere broken by proteolytic bactena, suggestmg (11) that m 
these cases the emulsifying agent was of protem nature Allegedly the changes 
occurred under anaerobic as well os aerobic conditions 
The slow destruction of petroleum by several species of soil Actmomycea, three 
species of Mycohactenim and a mold was observed by Bhttner (20) Tausson 
(141) expressed the behef that crude oik m nature undergo progressive oxidative 
modification and destruction until microbial activity is arrested by conditions m 


od pools Bis bohef was based upon the general abundance of hydrocarbon 
oxidizers in oil-soaked soil and upon observed changes m samples of petroleum 
acted on by microorganisms Thermodynamic considerations and experimental 
results with sulfate reducers suggested to Tausson and Aleshina (146) that, under 
anaerobic conditions, sulfate reducers tend to convert paraffime hydrocarbons 
containing 10 or more carbon atoms per molecule into naphthemc compounds 
Conclusive proof is still lacking Rogers (107) expressed the behef that paraffime 
hydrocarbons are oxidized and polymerized to jneld naphthene and asphalt base 
compounds and that sulfate m oil-field water is reduced to sulfide, reactions 


which imght be catalyzed by sulfate reducers 
Microorganisms oxidized Emba crude oil at an average rate of 250 g per square 
meter of surface exposed to the culture m seven months (147) It is pointed out 
that, since the oils under mvestigation consisted mamly of naphthene and poly- 
naphthene hydrocarbons, the disappearance of 45% of the amount mitially 
prerent established that imcroSrganisms could utilize such hydrocarbons Im- 
crobial activity was found to cause changes in the follow mg properties of Emba 
crude and cjlmder oil prepared therefrom mdex of refraction, iodine number, 
Baromfication number, densit}^ and physical appearance The middle fractions 
were oxidized more rapidly than the heavy ones, resultmg m an accumulation of 
ihp latter (147) In the begmnmg of the development of bactena in an m- 
« of ™tu,ated compound, toot pl.ee » »d.ct.d by to. 


{ 
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decrease in the iodine number With further development, the iodine number 
mcrcnscd slcuh , irdicatmg a relati\e accumulation of unsaturated hydrocarbons 
and speaking for the vieu of Tausz (150) on the formation of unsaturated hydro- 
carbons as intermediate products m the oxidation of saturated h) drocarbons 
A sharp and great increase m the saponification number with the development of 
bactena pointed to the formation of higher fatty acids and naphthenic acids, and 
this uas regarded (147) as the caure of the formation of uater emulsions of oil 
products m\ anably obsen ed m such cultures 
The utilization and modification of 31° lies Dome crude oil by both aerobic 
and anaerobic bactena has been reported (02) Ordo^^clan oil-vell water, Da- 
kota oil-well w ater and w atcr m w hich Frontier shale had been leached for several 
dajs was ennehed watli crude oil and inoculated with mixed cultures of soil, 
lake-shme or ditch-water microorganisms Eiei^’’ combination except the 
sterile controls resulted m lasiblc changes in the oil The opimon was ex'- 
pressed (92) that o\ er a considerable penod of time, drops of oil of super-capillary 
size can he oxidized by microorgamsms to CO 2 and w ater imder the conditions 
which have prevailed m the reservoir rocks 
Pronounced changes m a 1 anety of Russian crude oils as a result of the actinty 
of the sulfate reducer, Dcsidfovibno acstuan have been observed (89) Sulfur 
compounds were preferentially attacked and the crude od itself was slowly 
oxidized 

The widespread distnbution and great diversity of hydrocarbon-oxidizmg 
microorganisms m soil, water and recent sediments and their demonstrated 
abihty to function throughout a wide range of emironmental conditions qmte 
defimtely establish that, m the absence of inhibitmg agents, petroleum hydro- 
carbons can be expected to be modified or completety destroyed Indications 
are that these changes take place far more rapidly and extensively m aerobic 
than m anaerobic environments The activities of hydrocarbon-oxidizmg 
microorgamsms may help to exTilain why Trask (158) and others have failed to 
find petroleum hydrocarbons m recent sediments 

Conditions mimical to the activity of microorganisms appear to be prereqmsite 
to the accumulation of petroleum h 3 '-drocarbons m recent sediments It has 
been found (178) that a good many samples of petroleum and more samples of 
oil-well brmes hav e bactenostatic properties, the exact cause of which is still 
unknow n Experiments now in progress at the Senpps Institution (178) mdicate 
that certain heavy metals, the presence of HiS, low redox potentials (175) and 
specific oxidase inhibitors prevent the microbial oxidation of hydrocarbons 
This suggests that in the search for source sediments of petroleum and the ongm 
of oil, particular attention should be given to substances or conditions m 
sediments which are mimical to the activities of hj’^drocarbon-oxidizmg micro- 
orgamsms As academic examples of inhibitory substances may be mentioned 
cjnmde and urethane, low concentrations of which were found (79) to inhibit 
the oxidation of by drocarbons by Bactenum ahphahciim 

Little 18 known regardmg the occurrence or activity of bacteria m petroleum 
deposits Sulfate-reducmg bactena, some of which attack hydrocarbons, have 
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been found m oil-well bnnes from vanoua depths (9, 10, 45, 46, 47, 89, 90, 178) 
In pctrolc^ from a well 8700 feet deep, Lipman and Greenberg (88) found 

r decomposed samples of petroleum with the formation 

of LOj Sulfur bactena have been found m oil from a depth of 6000 feet (72) 
It IS a moot question, however, nhether bactena m reservoir flmds commg from 
Oil wells are species indigenous to subterranean reservoirs or if they are ad- 
ventitiouB species introduced during dnlhng or production operations The 
contmued abundance of bactena m reservoir flmds for prolonged penods after 
anything has been introduced mto the well, the peculiar types of organisms found, 
evidence of activity such as a depletion of sulfates (118) and demonstrated abihty 
of the bacteria to function under similar environmental conditions all speak in 
favor of the occurrence and activity of bactena in petroleum reservows 

Living bactena are most abundant in Tertiary formations and gradually dis- 
appear m older Cretaceous, Jurassic, Permo-Tnassic and Penman formations 
according to Gmsburg-Karagitscheva (46) This worker, like Rogers (106), 
mterpreted the absence of sulfates from certam oil-well waters as evidence of 
earlier bactenal activity 

The demonstrated abihty of anaerobic sulfate reducers to attack hydrocarbons 
(99, 146, 149, 178) lends considerable weight to the argument that bactena may 
modify petroleum after its formation The activities of hydrocarbon-oxidizing 
microSrgamsms coidd account for many observed and anomalous conditions 
For example, the preferential microbial attack of paraffinic hydrocarbons m the 
middle range could explam the occurrence of deposits of tars associated with gas 
typified by extensive deposits m Venezuela and Mesopotamia The preferential 
attack of unsaturated hydrocarbons could account for the general absence of 
olefines in crude oil Environmental conditions conducive to the activity of 


bactena which completely destroy oil could account for certam areas bemg barren 
of oil fields which possess all the known geological characteristics of areas con- 
tammg prolific od fields The reasonableness of this latter possibihty is vouch- 
safed by geological conditions which led Thom (156) to conclude that it is much 
more reasonable to regard the metamorpbc destruction of oil pools as having 


occurred progressively and gradually rather than suddenly 
In BUtmnanzing the r6le of bactena m the formation of petroleum, ZoBell 
(173, 177) concluded that the release of oil from sediments is one of the most 
important functions of bactena in the accumulation of oil m subterranean de- 
posits Bactena release oil from sediments and promote its nugration and ac- 
cumulation by dissolving carbonates, produemg CO: and detergents and by the 
physical displacement of oil from sobds by thigmotaxis The accumulation of 
oil tends to preserve it from microbial attack because the xmcroSrganisms and 
their enzymes ore active only m the presence of water Baier (3) envisioned 
sulfate-reducing bactena gron ing at the oil-water mterface m petroleum deposits 
where poraffime constituents might be converted into oxybitumensor asphaltenes 
and eras Although certam constituents of petroleum were shown to be gc^- 
cidal Baier (3) concluded that at some httle distance from the od-water mterface 
the concentration of toxic constituents would be low enough to permit 
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nctmty of hydrocarbon-oxidizing microorganisms Sanders (110) expressed the 
belief that petroleum deposits provide an aseptic environment for the prolonged 
presen ation or embalmment of the organized remams of certam biological 
matenals 

It IS an anomalous situation that the petroleum mdustrj’-, praisev orthj^ for its 
many outstanding scientific and technological acbiei ements, has devoted so httle 
attention to the effects of microorganisms on petroleum or its products In- 
tense e and extensii e microbiological studies are needed to elucidate the theones 
of the ongm and occurrence of crude oil Besides bemg of academic mterest, 
information gamed from such studies may find important apphcation m the 
discoi erj’-, recoi erj', refining, modification and exploitation of petroleum or its 
products Urgently needed is rehable information on the relatn e susceptibihty 
of various kmds of hj drocarbons to microbial attack and the nature of the re- 
sultant end products imder different environmental conditions 

MODIFICATION OF PETROLEUM PRODUCTS 

The microbial oxudation of gasohne, kerosene, lubncatmg oil or similar refined 
petroleum products has been quite commonly obsen'ed (19, 20, 49, 79, 121, 144, 
147, 151, 155, 165, 181) E\ en heavy residues such as asphalt are susceptible to 
microbial attack (129, 178) The obsen^ations suggest that where\ er petroleum 
products are stored m the presence of water for prolonged penods, the possibihty 
of microbial modification exists 

In the water bottoms of kerosene and gasolme storage tanks, Thaysen (154) 
found mtrate reducers ivhich fermented kerosene w ith the formation of methane 
and ethane Besides causmg the corrosion of metal tanks, sulfate reducers m 
the water bottoms contaminated the gasohne with undesirable HiS A spon- 
taneous explosion m a kerosene storage tank was attnbuted by Thaysen to the 
microbial formation of an explosive mixture of gases 

Microbial activity may be a factor m gum formation m high test gasohnes and 
the production of “off colors” m water-white distillates (58) Diesel fuels and 
mmeral oil are probably more susceptible to microbial modification than gasohne 
or kerosene Haas (58) stressed the possible significance of so many workers 
reportmg the production of od-soluble acids m petroleum or its products as a 
result of microbial acti\uty 

Upon exa minin g the lubncatmg oil and diesel motor fuel from manne engmes 
which had been out of commission for several months, large numbers of hydro- 
carbon-oxidizmg bactena were found (178) which could have been responsible 
for the emulsified and corroded condition of the water-contammated engme oils 
Similar cucumstantial endence has been obtamed for the detenoration of trans- 
former oils Such oils stored m the presence of water for prolonged penods are 
often emulsified, presumably through bacterial actmty 

Mycobacicnum No 24 studied by Haas (58) produced 2 14 mg of carotenoid 
pigments m 500 ml of od w ithm two weeks, impartmg an orange color to the oil 
A highly chromogemc stram of Proaciinomyces rubroperiincius was also isolated 
from Water m od storage tanks (60) Among the hy drocarbon oxidizers studied 
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pigments were produced by Myco- 

r^rh^r, respectively Some of the byL- 

carbon-oxidizing species of Adinomyces and Mycohadenum observed by Haag 

formation of a brown pigment soluble in alcohol 
pleated to (104) that paraffin was being used by Pentcillium species 
Ihe groB-th of Aspergillus versicolor (70) on paraffin was accompamed by the 
production of first yellow and then red pigment An ohve-green pigment was 
produced m cetane cultures, reddish-orange m naphthalene cultures and yellow- 
broBTi pigment in tetralm, decalm and fhphenyl cultures studied by Strawinsb 
(132) These examples of pigment production by microSrganisins growing on 
petroleum products should suffice to mdicate the possibihties of discoloration 
Observ'ed decreases in the octane ratmg of aviation gasohne stored over water 
were attnbuted (173), at least m part, to bacteria which either (a) preferentially 
attack branched-cham hydrocarbons which have the highest anti-knock char- 
acteristic, (b) produce sulfides which precipitate lead tetraethyl or (c) produce 
peroxides which catalyze the detenoration of lead tetraethyl 
Though not defimtely establishing that the hydrocarbons were oxidized as tiie 
source of energy, Kegel (84) found that the bacterial reduction of sulfates in 
natural gas bemg cooled by direct contact with water m tnckhng gas coolers re- 
sulted m an undesirable mcrease in the HjS content of the gas By the strategic 
placement of medium moculated with Methanomonas methamca, Yurovsku et ai 
(169) claimed that 96% of the methane m coal mmes was destroyed under ex- 
penmental conditions 

Much trouble is caused by the growth of bactena in mmeral oil emulsions used 
as coolmg agents m the cutting and gnndmg of metals m machms shops The 
emulsions may be broken, sour objectionable odors sometimes develop, and 
machinists may become afflicted with dermatitis Lee and Chandler (87) found 
16,(){X),000 to 60,000,000 bactena per ml of cuttmg compound Predominatmg 
was Pseudomonas oleovorans, which, like other bactena isolated from the cuttmg 
compound, readily utilized the emulsified oil Naphthenic acids, used as emulsi- 
fying agents m the cutting compound, were also utilized by the bactena as a 
source of food Coal tar disinfectants were meffective, but the addition of 15 
pounds of resorcmol per month to a 500 gallon tank prevented the spoilage of the 
cuttmg compound 

Duffett et al (31 ) found from a milhon to 350 milhon bactena per ml of cuttmg 
oil emulsions, mcludmg six new species of Pseudomonas, P oleovorans, two species 
of Achromobacier, Bacillus alvei, yeasts and molds Bactena growmg m mmeral 
oils have been credited as bemg the causative agents m industrial dermatitis (30) 
Cuttmg oils give nse to a great deal of annoyance and mcreased labor turnover m 
machme shops because of epidemics of boils and furuncles (123) The cuttmg 
oils become heavily contammated with suppurative organisms, the most renous 
of which IS Staphylococcus aureus The paraffin oil used m cuttmg 
formme the most favorable culture medium for these organisms (128 liie 

hydrocarbon-oxidizmg microSrgamsms 
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Hj drocarbon-OMcbzing bactena may be responsible for the fairl}" rapid dis- 
appearance of oils spraj cd on vanous kinds of fohage as a carrier of insecticides 
Second and third applications of spraj oils generallj disappear more rapidh than 
the first 

The finding in soil underljmg defectn e spots in old asphalt-pai ed highwaj s of 
exceptionallj' largo populations of bactena, manj' of mIiicIi are endoiied Mith the 
abihtj'' to oxidize asphalt in the laboratorj , suggests that microbial activity may 
contnbute to the detenoration of such highiiaj s There is similar circumstantial 
eandence to menmmate bactena as being responsible for the disappearance of 
asphalt in contact v ith soil under concrete foundations and other structures under 
hich a laj'er of asphalt had been applied as a i\ aterproofmg agent \Mien mixed 
mth normal soil, asphalt is sloiilj decomposed (17S), a change vhich does not 
occur in sterile soil 


ACTION ON nilBBLR HTDROCXRBONS 


The tacit assumption that rubber stoppers, tubing, gaskets, etc , are bio- 
logicalty mert has led to anomalous experimental results For example, Hat- 
field and hlorkert (66) obser\ed that rubber stoppers matenally mcreased the 
biochemical oxj'gen demand of w ater samples This observ’ation v as confirmed 
by ZoBell and Grant (180), v ho noted further that Kqiosure to pure gum rubber, 
duprene or neoprene mcreased the o\>gen consumption by bactena m sea vrater 
In hght of the information summarized m the followmg paragraphs, it is beheved 
that the distilled u ater m the experiments of Bigger and Nelson (14) vras rendered 
growth-promotmg for certam cohform bactena because the bactena m question 
assimilated rubber hydrocarbons The groi\ th-promotmg properties of rubber 
tubing and stoppers v ere attnbuted (14) to the talc dressmg, which was beheved 
to adsorb nutnents from the atmosphere 
The utilization of caoutchouc by Mycdbacienum species was reported by 
Sohngen (121) more than thirty j'ears ago From garden soil and canal uater, 
Sohngen and Fol (123) isolated strains of Actinomyces fuscus, A alba, A chromo- 
genes, A claslica and other Actinomyces species which grew well on punfied 
nibber treated w ith mmeral solution In such media there was a fair growth of 
Mycchacterium ruhrum, M lacticola, Bacillus mesentericus and Pseudomonas 
fluorescens 


Arens (2) attnbuted the red spots which appeared on unpreserved sheet rubber 
to the growth of Serratia marccsccns This organism, along wnth other chromo- 
gemc bactena, was isolated from damaged crepe nibber (2S) Further work 
(17, 32) established that the “spot disease” of sheet or crepe rubber was due to 
microbrganisms Unlike mildew s and molds w hich grow pnmanlj’' on the surface 
of moist crude rubber at the expense of mtrogenous impunties therem, the “spot 
^^sease” bactena decompesed the rubber 
In soil and on rubber plants, Novogrudski (100) found actmomyces and bac- 
tena which decomposed caoutchouc One of these organisms was desenbed as 
an orange-yellow coccus which decomposed caoutchouc readity m mmeral solu- 
tions at pH 7 to 8 5 but not at pH 6 3 From f eimentmg he\ ea latex , Corbet (24) 

isolated Gaffkya lemeh, Alcabgenes denten. Micrococcus eatoni, M ridleyi, M 
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cpimeOicm,M chersonesia, Bacillus pandora and Torulae heveae, each of which 
oxi^ed rubber hydrocarbons The gradual loss in weight and decreased elas 
ticity of moist sheets of plantation crepe rubber have been attributed (23 27) to 
the activities of Penicilhxim and AspsrgtUus species 

Unaxpectcdly Imi yields of rubber from guayule latex under certam conditions 
of storage have been caused by the activities of soil microorganisms, soma of 
\i hich destroyed as much as 15%, and adversely affected all, of the rubber hydro- 
carbon m SL\ ueeks at 37“ (125) Spence (124) described four species of Adi- 
nomyces and several strains of anaerobic bacteria which decomposed the rubber 
hj-drocarbons m guayule latex Spence and van Niel (126) characterized the 
decomposition of hevea latex hydrocarbons as bemg both rapid and profound 
after noting the disappearance of 20% of the rubber in purified latex under the 
influence of soil nucroflora for six weeks at 20“ 

From 20 to 40% of the rubber from latex dispersed m mmeral solution was 
destroyed m a month at 28“ by Actinomyces auranhacus, A lonytsporus rvbtr, 
Aspergillus oryzae, Peniciilium species and vanous raw soil cultures (82) Nei- 
ther Azotobacier chroococcum, Pseudomonas jhiorescens, BactHus mycotdes, Sarcina 
meac nor Proteus vulgans was able to attack rubber hydrocarbons By spnnkhng 
finely divided soil on plates of mmeral agar coated with a thm film of rubber, 
Ifiilmenko (82) showed that rubber-oxidizmg bactena are widely distributed m 
garden soil . 

ZoBell and Beckwith (179) found purified rubber to be oxidized by the follow- 
mg pure cultures Badenum aliphaitcum, Pseudomonas fluorescens, P nertiica, 
Vibno mannofulvus, Serralta marccscens and certam strains of Escherichia colt 
Negative results were obtamed with Proteus vulgans, Alcaligenes faecalis, Sarcina 
luiea and several strains of E colt Mixed cultures of sod bactena attacked 
highly purified caoutchouc, neoprene, duprene, butaprene, cheimgum, amenpol, 
hycar, thiocol RD, butjd rubber and vanous experimental elastomers synthesized 
from butadiene, CHs=CH — CH==CHi , isoprene, CHj — CH=CH CH=*CHi , 
isobutylene, (CH 3 ):C=CH; , acrylomtnle, CH;p=(!;B[CN, or styrene, 
CjHt — CH=^Hi In one experiment 78% of the rubber mitially present was 
oxidized to COi and water and from 10 to 20% of it could be accounted for as 
baetenal protoplasm 

As a general rule, pure rubber is oxidized by bactena more rapidly than com- 
pounded or vulcanized rubber products The rate of oxidation depends to a 
large extent upon the surface exposed to the culture In order to retard or pre- 
vent the microbial detenoration of rubber products, Dimond and HorsfaU (23) 
advocated the use of anti-microbial agents in compoundmg rubber, particularly 
rubber which is to be used in an aqueous environment It is not a sunple prob- 
lem because chemicals which are ordmanly effective fungicides may be macti- 
vatedby the rubber hydrocarbons, accelerators of vulcanization, antioxidants or 
fillere lied m compoundmg rubber Tetramethylthiuram disulfide, an accel- 
“ tor Cm. r. irk, reBdered rubber reactant to attack br Jf«ra,b<,r,a» 

sarcinaeforme 
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AcrmriEs of hydrocarbon oxidizers in soil 

The deduction, that hj drocarbonoclastic microorganisms are active m most 
normal soils, is based upon the general abundance of hydrocarbon oxidizers m 
soil (to which reference has been made on the precedmg pages) and the apparent 
destruction of h 3 'drocarbons known to be produced by plants A great vanety 
of aliphatic hj’drocarbons ranging from CjHu to CjsHt: are known to occur m 
plant and insect w axes (23, 1 17) Extensii e search for rubber-producmg plants 
during the War j’ears has shown that most plants contam some hydrocarbons, 
and certam plants such as guayulc, imlkweeds and dandehons, for example, 
contam appreciable quantities of hydrocarbons It has been estimated that an 
average of 0 02% of the solids produced by' plants consist of hydrocarbons 
There is also ex idence that soil bactena produce several hydrocarbons besides 
methane (74, 173, 177, 178) Inasmuch as these hydrocarbons ordinarily do not 
accumulate m the soil, it is inferred that they must be attacked by microorgan- 
isms If the hy'drocarbons produced by plants smce Cambnan times had been 
presented, a goodly' portion of the earth’s carbon would have long ago been tied 
up In eertam eni'ironments w here conditions have not been conducive to the 
actixnties of hy drocarbon oxidizers, petroleum is beheved to have accumulated m 
structural or stratigraphic traps 

Methane production (5, 6) commonly occurs m soil, and, under favorable con- 
ditions, much methane may be oxidized by' bactena After obserx'mg an mcrease 
ua the orgamc content of min eral solutions m which methane oxidizers were 
growmg, Gighoh and Masom (43) suggested that biological methane oxidation m 
nature contmually contributes to the organic fertihty of soil The effect of 
methane oxidizers on the orgamc content of soil has been studied by Hamson 
and Aiy'er (64) and Aiyer (1) 

Two- to threefold mcreases ha\e been observed (63) m the mtrogen and 
orgamc content of soil exposed for several years to natural gas from buned con- 
dmts After estabhshmg that the mcreases were not due to the presence of 
ammonia or mtrogen oxides m the gas, the mcreases were attributed to the 
effect of methane on the growth of microorganisms Increases m the mtrogen 
and orgamc content of soil around leakmg gas mams, attributable to biological 
actmty, have also been obsen'ed (113) 

A few days after the addition of paraffin wax to soil, Gamey (42) noted a de- 
crease m the content of mtrate and ammoma The amount of paraffin oxidized 
was limited primarily by the supply of available mtrogen It is entirely possible 
that had the experiments been conducted over a period of weeks or months until 
the dead cells of paraffin oxidizers had undergone decomposition, he would have 
found, like others (63, 113), that treatmg soil with hydrocarbons had a beneficial 
effect on its orgamc and mtrogenous fertihty 

The apphcation of crude petroleum to soil was found (4) to mcrease the total 
bactenal population, but the number of bactenal types was greatly reduced 
The multiphcation of aerobes was stimulated more than of anaerobes The petro- 
leum appeared to be broken down mto simpler products and gradually disap- 
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peared Up to 50% of the petroleum had disappeared m 56 days from 40D0 g of 
sou treated with 200 ml of crude petroleum havmg a density of 0 8370 Dunne 
this penod Baldwm (4) observed that both ammoma production and mtrate 
formation were inhibited In field expenments it was found that the largest and 

best ears of com vere produced m hills treated with petroleum Similarly, 
Carr (21) found that apphcations of cmde petroleum to soil unproved the growih 
of soybeans Up to 30 ml of petroleum per gallon of soil, or 0 75% , was bene- 
ficial, and petroleum was not mjunous until five times this concentration was 
added to soil The damage to plants resultmg from the application of 4% or 
more of petroleum was explamed (21) as bemg due to the mabihty of plants to 
obtam M ater fast enough to meet their requirements 
It has been commonly observed that vegetation is killed by the mtentional or 
accidental apphcation of relatively large quantities of oil on soil The lethal 
concentration is a function of the kmd of oil, soil conditions, method of applica- 
tion, season, kmd of vegetation, humidity, and other factors However, it is 
only a matter of a few weeks until the arabihty of the soil has been restored, 
presumably due to the microbial oxidation of the oil, and there are many reports 
of the fertihty of the sod havmg been improved by the od The systematio 
apphcation of sublethal concentrations of od may prove to be beneficial under 
certain circumstances For controUmg weeds m crops of carrots, parsmps and 
celerj', the apphcation of 65 to 85 gallons of stove od per acre is required and 
more than one such apphcation may be necessary durmg the growmg season 
From 100 to 300 gallons of od per year has been apphed to the sod for the control 
of needs m citrus orchards Hildebrand (69) gives several references to the 
recent hterature on the use of petroleum oils for controUmg weeds 
Truffault and Bezssonoff (159) found a Baclenum B, which could utilize either 
pprn ffin oil, cyclohexane or methylcyclohexane as a source of energy, growmg 
symbut cally n ith the anaerobic mtrogen fixer, Closlndium paslonanum The 
hydrccarbon-oxidizmg 63 unbiont closely resembled Bacienum ahphcdicum of 
Tausz and Peter (152) 

After notmg the rapid microbial oxidation of paraffin wax m the sod, Gainey 
(42) emphasized the often overlooked fact that data obtamed by methods which 
caU for the use of wire baskets, pots, stakes or other experimental apparatus 
rendered “mert” by coating nith paraffin pnor to burial m the sod may be m- 
vahdated by the action of microorganisms on paraffin Smidarly, Rogers (103) 
has pomted out that coatmg ex-penmental apparatus with paraffin is a source of 
error m corrosion tests m water because of the susceptibdity of paraffin to mi- 


crobinl o\id8-tioii xx t 4 Uyt 

Until he learned that the hydrocarbons were themselves rapidly attacked by 

sod organisms, Greig-Smith (53) was surprised to find that coatmg dned blood or 
rasei^articles with petrolatum or paraflhi did not prevent such particles from 
b^^attacked by sod bacterm Accordmg to Flemmg (38), paraffin co^dd not be 
^ ^TcoaTmE to decrease the mjunous action of lead amenate^ plant roote 
u iiRR the narafBn was rapidly decomposed by sod microflora The gr w 

by adifoa to .od «ooh »ot. Uo.n the 

growth of bacteria 
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Jensen (75) reported that the addition of paraffin to soil caused a marked 
increase m the microbial population, the abundance of Proaclinomxjces species 
being particularlj increased The following organisms were descnbed as bemg 
able to OMchze paraffin Proachnomyccs acltnomorplms, P agreshs, P minimus, 
P 'para-^nac and Adinomyccs albus 

Treating soil w ith toluene resulted in a temporal^’’ decrease followed by a great 
mcrease m the bactenal population, according to Russell and Hutchinson (109) 
Followmg the application of toluene to soil, the plate count rose from an initial 
count of 5 to 9 milhon per gram to 40 million or more Toluene also caused an 
mcrease m ammoma production An increase m the content of soluble orgamc 
matter m soil was obseried by Pickering (103) to result from treatmg soil with 
benzene or paraffin oil These workers like Buddm (18), who noted a great 
mcrease m the bactenal population and ammonia production m soil treated wuth 
M/200 to M/2 concentrations- of toluene, benzene, cj clohexane, pentane, hexane, 
phenol, cresol, qumone, hj'droqumone, p 3 'ridine, alcohol, ether or acetone, 
attnbuted the beneficial effects on soil fertihty to the destruction of protozoa or 
some other mimical factor E^^dence was obtamed by Sen Gupta (116), how- 
e\er, which mdicated that such aromatic antiseptics were oxidized by soil bao- 
tena Phenol and cresol w ere observ'ed to disappear from normal soil but not 
from Btenlized soil, and the second and third apphcations of these substances 
disappeared much faster than the first apphcation 

It was finally established by Matthews (91) that while the “antiseptic” hydro- 
carbons or dem atu es promoted the growth of bacteria by destroymg predatory 
protozoa, such substances as toluene, benzene, xylene, pseudocumene, mesitylene, 
naphthalene, cj mene, pinene, hexane, chlorobenzenes, mtrobenzenes and cresols 
provided energy for the multiplication of certam soil bactena mdependent of any 
effects on protozoa Tenfold or greater mcreases m the bactenal population 
followed the apphcation of M/10 concentrations* of benzene Bacillus lique- 
faciens could tolerate and attack nearly any of the aforementioned compounds, 
but most species of soil bactena exhibited a high degree of specificity m their 
ability to assimilate vanous kmds of hydrocarbons Aeration promoted the bac- 
tenal oxidation of the compounds 

The addition of naphthalene to soil was found by Tattersfield (136) to cause 
decreases followed by large mcreases m the number of bactena Microbial 
multiphcation and the decomposition of naphthalene w ere promoted by aeration 
•Miout 50 da 3 ^ were required for the disappearance of 50 mg of naphthalene from 
100 g of soil mitiall 3 ' treated, but the second 50 mg of naphthalene disappeared 
m only 20 days and the third 50 mg disappeared m 10 da 3 's 

Jacobs (73) described experiments m which the aerobic bactenal population of 
soil mcreased from an mitial count of a few milhons per gram to more than three 
biUion per gram m tw o or three da 3 ^ followmg the apphcation of M/10 naphtha- 
lene to soil Wi thin a w eek or tw o the bactenal population dropped to around 
400,000,000 per gram Several strains of bactena were isolated which were 
capable of usmg naphthalene as a sole source of energy The naphthalene 
oxidizers preferred ammomum to mtrate as a source of mtrogen The ammonia 

* Tho stated concentrations represent moles of hydrocarbon per Lg of sod 
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content of the boO t^ted with naphthalene at first decreased and then increased. 

was oxpkmed (73) that the naphthalene-decomposing bacteria utilize the 
available nitrogen m the soil, then upon the e.\haustion of the naphthalene the 
bactena die and undergo decomposition Potential energy added to the soil in 
the form of naphthalene provided for the activities of mtrogen fixers, thus re- 
sulting in an overall mcrease in the nitrogen content of the soil 
The obsen'ed increases in the bactenal populations of soils treated with certain 
aromatic compounds have been attributed by Gray and Thornton (52) to the 
bactenal utilization of the aromatic compounds Out of 215 soil samples es- 
ammed, 140 yielded bactena which could oxidize either naphthalene, phenol or 
cresol Some of the 208 strains of such bactena, representmg 7 genera and 25 
species, could oxidize toluene, phloroglucmol or resorcmol Described as new 
species which could utihze either naphthalene, phenol or cresol were organisms 
noAv listed in the Bergey (12) Manual as Achromobacler cydoclasles, A tophagum, 
Adtnomyccs cmvolulus, Bacillus dosteroides, B plalychotna, Micrococcus pUlonen 
eis, M sphaerotdcs, Mycoplana btdlata, M dimorpha, Proacltnomyces adino- 
morphuSfP agreElis,P coeltacus,P cryslaUophagus, P erythropolis, Pseudomonas 
arvtUa, P horeopohs, P crucmae, P dacunhae, P desmolyticum, P pidorum, 
P ralhtoms, P saloptum, Vibrio cunealus, V cydosiies and V neocysies Pro- 
adtnomyccs globcrulus has been described as a phenol oxidizer (51) 

MICROORGANISMS AS INDICATORS OF OIL DEPOSITS 

Anomahes in the appearance of vegetation over and surroundmg oil fields are 
often noticeable, particularly from a scoutmg plane While unquestionably 
these anomalies arc in many cases due to the underlymg rock formation, m some 
cases differences in vegetation are bcheved to be due to the effect of hydrocarbon- 
oxidiimg microorganisms upon the orgamc fertility, mtrogen content, redox 
potential, water-holdmg capacity, particle aggregation or other properties of the 
soil Wherever careful tests have been made, it has been found that hydro- 
carbons are slowly escapmg from subterranean deposits Conspicuous surface 
seeps of gas, oil, asphalt or tars have provided clues to the discoveiy of some oil 
fields, but hydrocarbons have been detected m the soil overlying other oil pools 
only by the most meticulous analytical procedures The ssusitivity of hydro- 
carbon-oxidizmg microhi^amsms as mdicatois of traces of hydrocarbons in sod is 
the basis of so-called “geomicrobiological prospectmg” methods 
In the geomicrobiological prospectmg method of Sanderson (HI), patente 
receptacles, containing mineral media inoculated with bactena which 
volatile hy^ocarbons, are mtroduced in the soil m holes dug to a depth at w^ 
hvdrocarbonogenetic bactena such as methane producers are not active c 
crowth of bactena on the media is indicative of the presence of volatile y 
mrbons m the sub-soil Sanderson also proposed analyzmg sod for ite content oi 
bactem im<iue volatile hydiocaiboM, believiag that It, abuodaa® o 

sucStena would bear aome relalionahip to the preseace ol petroleum by^ 
t™»> "ibtenaueiu. deposit. Blau (16) b» parted a mrthrf 

SteZiSoleU PruuPuuteS » oettam ehmuierd ageats are alkstd to 
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produce characteristic color changes when applied to soil in which hj drocarbon- 
consuming bacteria hai c been actu e He named Bacillus clhamcus as an organ- 
ism which utilizes ethane in soil 

Nearlj anj method of prospecting b> chemical assaj or “soil analj^is’ which 
Ignores the effect of bacteria on the hydrocarbon content or other properties of 
sod can be expected to gi\ e anomalous results under certain conditions H 3 dro- 
carbons maj be decomposed or altered bj microorganisms in the soil almost as 
fast as the hydrocarbons enter the biosphere from subterranean deposits The 
rapidity with wluch hydrocarbons arc decomposed 111 sod may yarj^ seasonally 
yvith the yvater content of the sod, its oxj'gen content, abundance of orgamc 
matter, mtrogen content, temperature, groy\ th phase of the organisms and other 
factors which mfluence the abundance, kinds and actnitj of microorganisms m 
sod The rapidity ynth w hich y anous kmds of gaseous, parafhmc and aromatic 
hydrocarbons are destroyed m sod samples is attested by results summanzed m 
the foregomg paragraphs 

Hjdrocarbon-oxidizmg microorganisms are behey ed to have been mstrumenta 
m the formation of "paraffin dirt”, a kmd of waxy sod sometimes found over- 
lymg subterranean deposits of petroleum Samples of "paraffin dirt” have been 
found (17S) to contam large numbers of bacteria (predommantly species of 
Proactinomyccs, Mycobacterium and Dcsulfovibno) and complex w axes Appar 
ently the decomposition of the matenal has been arrested by the accumulation of 
toxic metabohe products of microorganisms or antibiotic substances and protec 
tion from contact wath water or air by' an outer coatmg of w axes and heayy by' o- 
carbons The latter are probably earned to the sod surface dissoh ed m hghter 
hy'drocarbons escapmg from subterranean deposits Some of tlie by 
may' be oxidized by microorgamsms, the cell substance of winch is ad e to t e 
mass of the partially preserved matenal 

BACTERIOSTATIC HYDROCARBONS AND DERIVATIVES 
\^Tien mixtures of colon-typhoid organisms w ere treated with peti oleum ether 
at room temperature for 15 mmutes, Bierast (13) obsen ed that typical strams ot 
Eschenchta coh w ere selectively killed whde ty*phoid and paratyThoid organi^ 
w ere not mjured by tVns treatment Gaertner’s bacdlus responded virtua y e 
same as tyTphoid organisms After confirmmg these obsen ations wath a large 
number of stool specimens from typhoid patients, HaU (61) propose e ® 
petroleum ether for demonstrating typhoid organisms m chmeal maten e 

organisms or stool specimens w ere placed m a tube of broth, treated wut an excess 
of p>etro]eum ether and shaken for half an hour Aftei standmg for o ^ 
room temperature cells of E coh were almost quantitatn ely kiUed while typnm 
organisms sunuved, provided the bodmg pomt of the reagent was less 
otroleum ethers havmg higher bodmg pomts such as benzme (b p^ > 

^grom (b p 100 °- 110 °), pure heptane (b p 98°) and octane (b p 124^ ^J^e not 
specific m their effects on colon-typhoid organisms Pentane (b p 38 ) a e o 
nutrient broth completely inhibited E coh and stimulated the multip ci^ion o 
typhoid organisms Irregular results were obtamed wrth dysentery' an para 
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^nterj' bacilli Tlie cholera vibno and members of the Proleits group were 
inhibited by petroleum ether of low boilmg pomt m the same manner as E colt 
Schuscha (115) i\ as successful m detectmg typhoid organisms m polluted water 
when the ratio of typhoid organisms to E coh was as high as 1 5000 by precipi 
tatmg the organisms with iron salts and then treatmg the precipitate with petro- 
leum ether The latter mhibited E coh while permittmg the free multiplication 
of typhoid organisms m nutnent solutions These observations were confirmed 
by Heyn (68) who found further that tw eh e hours agitation with petroleum ether 
rendered E coh cultures sterile After such treatment cells of E coh as well as 
diphtheria bacilli were almost quantitatively transferred from the aqueous 
medium to the petroleum ether 

Walbum (166) faded to find a marked difference m the susceptibdity of enteric 
organisms to petroleum ether, although the typhoid bacillus was somewhat more 
resistant than E coh For example, in one experiment 24% of the typhoid 
organisms survived treatment wnth petroleum ether as compared with a 12% 
survival of E coh Walbum concluded that the genmcidal effect of petroleum 
fractions is related to their boihng pomt The foUowmg percentage survival of 
typhoid bncilh w'as found (166) after exposure m broth cultures for two hours to 
vanous pure hydrocarbons 
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After notmg that bacterial cells dned on filter paper were killed more readdy 
by petroleum ether than moist cells of the same species, Baier (3) concluded that 
the germicidal and bactenostatic effectiveness of petroleum fractions is a function 
of them solubihty m water Heai'y fractions such as paraffin od were not in- 
lunous to bactena E coh was more susceptible to low boding pomt fractions 
iLan were raw cidtures of bactena m mud or pure cultures of vanous spore 
formers Bactena m nutnent media not killed by exposure to petrole^ or i 
products tended to become mcreasmgly more tolerant, probably through adap 
linn or the destruction of the bactencidal components (3) 

Acoortog to totecl, (78), cyclic hytoboc to only 

„n7»SS*chan,h.rmJnltol,actcna Facnltotire anaerobes ware fomd to 

natural ° ^ dlummatmg gas but not as weU as m an atmosphw of 

Sn r" rrl to .-5 on to antopto and groiCh-nitoPtog 
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actions of cj clic hydrocarbons on bactcna, Van de Velde (161) found that c 3 ’’clo- 
hexane, benzene and toluene had relatn e!} httle effect hlesitjdene and xjdenes 
were much more effectn e antiseptics, o-xalene being more active than w-xjdene 
The antiseptic property' of such compounds vas found to be roughl}^ parallel 
to the ease v ith v hich the} can reduce Ivi\In 04 The microbial oxidation of 
low concentrations of benzene, toluene and xjdene has been reported by many 
workers (37, 52, 75, 91, 116, 131, 144, 164, 165, 181) 

Species of PcntctUinm, Mvcor, Tondc, x-easts and bactcna xvhich attacked 
benzoic acid were foimd in humus by Pemer (102), who desenbed four vaneties 
of Bacillus hcnzoicus The latter organisms grew in a mmeral salts solution en- 
riched with 2% potassium benzoate Phenol and sahc 5 ’’hc acid w ere decomposed 
more slowlj' than benzoic acid Obserxations on the selective action and mi- 
crobial utihzation of phenol, cresol, naphthalene and other aromatic compounds 
hax e been discussed m a preceding section (IS, 52, 73, 91, 136) 

Fowler ct al (39) isolated from sewage an organism, Fhvobacienum lielvolus, 
which destroj ed 0 1 per cent phenol m mineral salts solution Gra}’’ and Thorn- 
ton (52) noted that phenol m concentrations as high as 0 1% was utilized b}’" 
Baallus dostcroidcs, Pseudomonas rathoms and Proactinomyces agreshs, but 0 15% 
phenol w as mhibitorj' and 0 2% w as lethal for these organisms Certam sewage 
bacteria studied bj' I^labma and Rogovska} a (81) utilized phenol as a source of 
energj m concentrations as high as 0 3% The optimum concentration of phenol 
for phenol-decomposmg organisms was 0 05 to 0 1%, under which conditions 
sew age bactcna destro^nd an average of 57 mg of phenol per day 
The following new species of soil organisms which could tolerate or grow m the 
presence of 0 38% phenol hax e been described (8) Bacillus aslerosporus, B 
ialcams, B caicnulatus, B exihs, B globifer, B jubatus, B mgrescens, B oehensis 
and B phenolpbilos The tolerance of 96 other species of soil bacteria was re- 
ported, of which 46 could grow m the presence of 0 1% phenol Accordmg to 
Bartels (8), many sod bactena produce phenol dunng the decomposition of 
protems 

In aU one-gram samples of soil exammed by ^ffgier (163), rmcroorganisms were 
found which tolerated 0 2% phenol m mmeral solutions A yeast-fungus was 
isolated which utilized phenol as a sole source of energy at concentrations as high 
as 0 085% Optimum growth occurred m mmeral media containmg from 0 0265 
to 0 053% phenol Certam thermophihc bactena readily oxidized 0 1% phenol 
in 6eM*age from coke-benzene plants (33) These bactena, which grew we at 
60 , Were less active m waste waters containmg 0 2% phenol, and 0 4% pheno 
stopped their growdh 

hlost of the ten lake-mud strains of Mtcromonospora studied by Elnkson ( / ) 
Srew in mmeral solutions containmg as the only source of energy 0 1% of p eno , 
toluene, naphthalene, paradichlorobenzene, resoremol, m-cresol, ^-nap t o , 
picric acid, trmitroresorcmol or cholesterol Concentrations of toluene or xylene 
e-xceedmg 0 01% were mjunous to Bacillus hexacarbovorum (131) The work of 
Beed and Rice (105) suggests that the germicidal effect of h 3 ^drocarbons may be a 
function of the hpid content and polant}’’ or wettabdit}’’ of the particular bac- 
terium under consideration 
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Ethylene has been found to stimulate the respiration of molds, but to retard 
their growth or multiphcation (162) 

I^cticidal emulsions containmg more than 1% of petroleum oils were found 
by Young (168) to be injurious to certam plants, although there was considerable 
difference m the toMcity of different oils and kerosenes used for controlling insect 
pests on gromng fnut and vegetables The relatively rapid disappearance of 
hydrocarbons from the leaves of plants was attributed partly to evaporation and 
partly to absorption The hghter fractions of kerosenes penetrated potato 
leaves n ithm 0 6 to 10 seconds, but mostly evaporated from the leaves within 1 
to 24 hours In contrast, lubncatmg oils penetrated potato leaves within 1 
second to 50 mmutes and evaporated very slowly or not at all Sections showed 
that the oils passed from the potato leaves through the stems and mto the tubers 
Petroleum oils n ere also shoira to be absorbed by turmp, rutabaga, cucumber, 
squash and omon leaves It is an unexplored possibility that much of the oil 
left on the leai es of plants undergoes nucrobial decomposition 
Young (167) proposed the use of fungi and bactena to predict the effect of 
petroleum oils on apple leaves after notmg that the toxicity of oils for apple 
leaves w as about the same as for Rhtzopvs ntgncans, Mucor glomenila, Helmtntho- 
spomim sativum, Allemana tenms, Fusanum sp , Aspergillus sp , Chromohac 
tenum tnolaceum, Serratia marcescens, Sarcina auraniiaca and BacUlus subtilw 
Mold mycelia and bactenal colonies continued to grow on nutnent agar under 
layers of non-to\ic oils 6 cm m thickness Oils contammg more than 11% of 
sulphonatable residue n ere more toxic than the less sulphonatable oils Hyaline, 
nearly unsulphonatable petroleum oils were found to be useful for presemng the 
appearance of many kmds of fungi and bactena m cultures Confirming the 
observations of Parish (101), Birkhaug (15) found that cultures of dehcate bac- 
tena remamed viable m media under layers of hqmd paraffin for from 10 to 24 
weeks The beneficial effects of the oil were attributed to protection against 
drying and the harmful action of oxygen 

SUMMART AND CONCDUSIONB 

All kmds of gaseous, hqmd and sohd hydrocarbons m the ahphatic, olefinic, 
aromatic or naphthemc senes appear to be susceptible to oxidation by micro 
organisms, provided the hydrocarbons are properly dispersed 
Nearly a hundred species of bactena, yeasts and molds have been shown to be 
endowed with the abihty to attack hydrocarbons Such organisms grow in 
Eunple mmeral media ennched with hydrocarbons as the sole source of energy 
The presence of free oxygen is generally essential, although mtrate or sulfate 
serve as hydrogen acceptors for some hydrocarbon oxidizers 

Microbial multiphcation, oxygen consumption, mtrate or sulfate redim ion, 
modification of hydrocarbons and the formation of vanous mete^hc products 

iitilwAtion of hvliocarbons haa been observed at temperatures rsD^g 

Bema Selv msoluble and unmrsa.ble m ™ter, most hydrocarbons am 
“„derrmof.;.seepa.le m atbrot when thepersed throughout rmuera. mwi.a 
by adaorpton on mert sohds or by emuloificabon 
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CO; IS the principal product resulting from the microbial dissimilation of hydro- 
carbons Cell substance, organic acids, alcohols, unsaturated compounds and 
other substances ha\ e also been reported 

In general, abphatic lij drocarbons arc oxidized more readilj' than aromatic or 
naphthemc compounds Within certam limits, long-cham hj drocarbons are 
attacked more readily than similar compounds of small molecular weight The 
addition of aliphatic side-chains mcreascs the susceptibihfy of cychc compounds 
to microbial attack 

H3'drocarbon-oxidizmg microorgamsms are uidel^' distributed m sod, water 
and recent manne sediments Thej' arc particularly abundant m od-soaked sod 
and -nater o\er which petroleum products arc stored Characterized as bemg 
able to assimilate one or more kmds of hj drocarbons are 14 species of Adi- 
nomyccs, 13 Pseudomonas, 10 Proadinomtjccs, 10 Mycohadenum, 9 Baallus, 7 
Badenum, 7 Micrococcus, 6 Aspergillus, 5 Corynebadenum, 3 Vibrio, 2Achromo- 
badenum, several umdentified strains of Micromonospora and Pemcdlmm and 
one or more strains of Botrylis, Dcbaromyccs, Desidfovibno, Endomyces, Esch- 
enchta, Gaffkya, Hanscnula, Macromonospora, Mdhanomonas, Mycoplana, 
Serratia, Spirillum, Torula and Torulopsis 

Although certam crude oils are bacteriostatic, samples of others are destroyed 
or otherwise modified by microorganisms hlicrobial acti\’ity is beheved to have 
plajed an important r61e m determming the properties of petroleum deposits, a 
problem which ments much more attention 

Petroleum products stored m contact with water for prolonged penods may be 
discolored, emulsified or otlierwise altered by hydrocarbon-oxidizmg micro- 
organisms Coolants and certam kmds of pharmaceuticals contaimng hydro- 
carbons and moisture may be adversely affected bj’’ microbial activity Natural 
and most kmds of synthetic rubber are susceptible to microbial oxidation 

hlicroorganisms m sod oxidize methane and other hydrocarbons of biological 
ongm Apphcations of crude od to sod residt m mcreased microbial populations 
nnd, m many cases, improve sod fertdity Even “antiseptic” hydrocarbons such 
as benzene, toluene, xjdene, naphthalene and related compounds are destroyed by 
microorganisms m sod Phenol, cresols, naphthols, chlorobenzenes, mtroben- 
*enes, benzoic acid, saheyhe acid and resoremol mlow concentrations are attacked 
sod organisms The microbial assimilation of phenol m concentrations as 
as 0 3% has been demonstrated 

Bacteria which oxidize volatde hydrocarbons may pronde clues to the location 
of subterranean deposits of petroleum 
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AK ORIENTATION WITH RESPECT TO IVIEMBERS OF THE 
GENUS BACILLUS PATHOGENIC FOR INSECTS* 

EDWARD A STEDCHAUS 
UnxvcTszly of California, Dcrl elcy, California 

The field of insect pathology is plagued with a confused taxonomic and nomen- 
clatonal situation as concerns those members of the genus Bacillus v> hich cause 
infections m insects As has been pointed out before (Steinhaus, 1942, 1946), 
there are several reasons for this unfortunate state of affairs One of these 
reasons has been the frequent lack of understandmg of basic rules of nomen- 
clature and S3 stematic arrangement, another has been the absence, imtil recent 
years, of a satisfactor3’’ S3'stem of bacterial systematics to guide even the special- 
ists m this genus Even the current hterature covenng the field of insect pathol- 
og}' is filled mth bactenal names v hich are entirely inappropnate and mcorrect 
As 3'et, no senous attempt has been made to segregate those species from the 
genus Bacillus which do not belong m this categor3’’ Nor has any precise 
opmion been published as to which of the insect pathogens are correctly named 
oJid which are vahd species of the genus To assist m domg these two thmgs is 
the purpose of the present paper 

To be sure, the ideal way of undertakmg this task would be to study cultures 
of each of the so-called species in question and to build upon the mformation 
thus gamed To an3’’one who giies the matter some thought, however, it is 
iniinediately obvious that such a study is impossible at the present time smee 
certainly not more than 10 per cent of the species m the groups concerned (and 
reported as causmg diseases of insects) are available m pure cultures Never- 
theless, a considerable amount of underbrush may be cleared away by a thorough 
end cntical study of the hterature and recent observations Even then the 
procedure is a difiBcult one smee man3'' of the descriptions, when such exist, are 
80 w oefuUy inadequate that the3’^ do not even mdicate whether or not the so- 
eelled species of Bacillus forms spores In such cases, deductions have to be 
r^de from other characteristics that may be given Smee the basis on which 
c genus Bacillus now stands appears to be distmct, sound, and no doubt 
reasonably permanent, there is no good reason why obnously flagrant practices 
regards its nomenclature should be tolerated any longer These statements 
fipply to all groups in the genus Bacillus but for our purposes here we shall bo 
concerned with only those members which have been reported as parasitic, 
Ogenic or probabl3’’ pathogemc for insects 
Q this paper the genus Bacillus referred to is Bacillus Cohn (1872, Beitrage z 
d Pflanzen, 1, Heft 2, 175), which m the 5th edition of Bergey's Manual 
'^Icrminaiiie Bacteriology is desenbed as follows 
shaped bacteria, Bometimes in chaina Aerobic Non motile or motile by means of 

from the Laboratory of Insect Pathology, Division of Beneficial Insect 
Eations, College of Agriculture, Umversity of Califorma 
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pentnchous flagella Endospores formed Generally Gram positive Chemo-hetero- 
tropic, oxidizing vanous orgamc compounds Prom Latin bactllum, a small stick 
ilieinteraat,onally accepted (Jour Bact , 1937. 33, 445) type species is BactUu. satlilu 
Uonn emcna Prazmowski 


On the basis of the action of the International Committee on Bactenological 
Nomenclature (Cent f Batct , II Abt , 1934, 92, 481) which agreed that BaaTlus 
be defined so as to exclude bacterial species which do not form endospores, 
the followmg alleged species, which have not been described as forming 
endospores, may be eliminated from the genus at the outset 


Bacillus affilis Mattes (1927, Sitz Ges Bedf Natur ru Marburg, 62, 406) ’ 

Bacillus agrotidis lyphoides Pospelov (1927, Kept Bur Appl Ent , 3, 8) 

Bacillus apisepUcus Burnside (1028, J Econ Ent , 21, 379) 

Bacillus aureus (as used by Eckstein, 1894, Zeit f Foret- u Jagd , 26, 9) 

Bacillus barbilistcs Statelov (1932, Afitt Bulg Ent Ges , 7, 66) 

Bacillus bombyeis Chatton (1013, C R Acad Sci , Pans, 166, 1708) 

Bacillus bombyeis non liquejaciens Paillot (1922, Ann Epipbid. , 8, 131) 

Bacillus cajae auct «■ CoccobactUus cajae Picard and Blanc (1913, C R Acad Sci , 166, 
1334 


Bacillus cleoni Picard (1919, Bull Soc d’Etude Vulgar Zool Agr , 12, 134) 

Bacillus coerulus (as used by Eckstein, 1894, Zeit F Foret- u Jagd , 26, 14) 

Bacillus coll (as used by Eawamura, 1906, Tokyo Imp Uruv CoU Agr Bull , 7, 105) " 
Escherichia call (Migula) Castellaxu and Chalmers (1919, Manual of Trop Med , p 
941) 

Bacillus cubonianus Maccluatj (1891 [1892], Malpighia, 6, 289) 

Bacillus cniomotoxicon Duggar (1896, Bull IllinoiB State Lab Nat Hist , 4, 371) 

Bacillus ferrugenus (as used by Sawamura, 1906, Tokyo Imp Umv Coll Agr Bull , 7, 
105) 

Bacillus Jlavus (as used by Eckstem, 1894, Zeit f Forst- u Jagd , 26, 12) 

Bactl/us /o«<«du« (as used by Eckstem, 1894, Zeit f Forst- u Jagd, 26, 12) 

Bacillus fuchsinus (as used by Sawamura, 1906, Tokyo Imp Umv Coll Agr Bull , 7, 105) 
•• Serratiafuchsina (Boekhout and DeVnes) Bergey et al (1923, Bergey et al , Manual, 


1st ed , 91) 

Bacillus gorlynae Paillot (1913, C R Acad Sci , Pans, 167, 611) 

Bacillus lanccolotu* (as used by Mattes, 1927, Sitz, Ges Bedf Natur zu Marburg, 62, 406) 
Bacillus leptinolarse White (1928, Proo Ent Soc Wash , 30, 71) 

Bacillus hneatus (as used by Eckstem, 1894, Zeit f Foret- u Jagd , 26, 17) 

Bacillus hpans Paillot (1917, C R Acad Sci , 164, 527, also, 1922, Ann Epiphyt , 8 , 1^) 
BaciUus luUas Brown (1927, Am Museum Novitates, No 251, p 8 However, see 
Brown and Heffron, 1929, Science, 69, 198 ) b^tius 

BaciUus lymontnoe Pioard and Blanc (1913, C R Acad Soi , Pi^s, IW, 79) - 

lymaM a Paiflot (1919, C R Acad Sci , Pans, 168, 258) - Coccobacillus lymanlnas 

Bocil^s'’l^°aSas7paiIlot (1919, C R Acad Sci . Pans, 163, 258, also, 1922, Ann. 

C E , P™, >«*. 

(.913 , C E B., , p™, m. urn 

• In met •ma, Ih. P«3« P‘3* H* 

of the species is first given 
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Bacillus mclolonlhac liqucfaciens Paillot (1916, C R Acad Sci , Pans, 163, 533) = Bacillus 
mclolonlhae Itquefaacns a Paillot (1922, Arm fipiphjt , 8, 108) and strains /3 and y 
Paillot (1918, C R Acad Sci , Pans, 167, 1046, also, 1922, Ann fipiphjt , 8, 109, 110) 
Bacillus mclolonl/iae non liguc/oCTcns O' (and strains /5 and 7) Paillot (1916, C R Acad Sci, 
Pans, 163, 633), strain S Paillot (1918, C R Acad Sci , 167, 1047), and stram c Paillot 
(1922, Ann fipiphjt , 8, 114, see also pp 111-114) 

Baallus mtmmus (as used bj Eckstein, 1894, Zeit f Forst- u Jagd , 26, 16) 

Baallus neurotomae Paillot (1924, C R Acad Sci , Pans, 178, 247) 

Bacillus nocluarum White (1923, J Agr Res , 26, 488) 

Bacillus paratyphi altei Bahr (1919, Skand Vetenn Tidsk , 9, 25) = Salmonella schod- 
mullen var alvei Hauduroj el al (1937, Diet d Bact Path , 469) 

Bacillus peciinophorae White and Nobel (1936 J Econ Ent , 29, 123) 

Baallus pediculi Arkrvnght and Bacot (1921, Parasitol , 13, 26) 

Baallus picns agilis Paillot (1919, C R Acad Sci , Pans, 168, 477, also 1922, Ann fipiphyt , 
8, 128) 

Baallus picrts fiuorcscens Paillot (1919, C R Acad Sci , Pans, 168, 477, also, 1922, Ann 
fipiphji, , 8, 124) 

Baallus pieus liquefaaens Paillot (1919, C R Acad Sci , Pans, 168, 477), strain a Paillot 
(1922, Ann Epipfajd; , 8, 125), and stram ^ Paillot (1922, Ann fipiphyt , 8, 126) 

Baallus piens non liquefaaens a (and strain /5) Paillot (1919, C R Acad Sci , 168, 477, 
also Ann Jlpiphj't , 8, 126, 127) 

Baallus ponca Glaser (1918, Ann Ent Soc Am , 11, 23) 

Baallus proiadts Paillot (1922, Ann fipiphyt , 8, 130) 

Baallus pyocyaneus (as used by Savramura, 1906, Tokyo Imp Umv Coll Agr Bull , 7, 
105) «= Pseudomonas aeruginosa (Schroeter) hligula (1896, m Engler and Prantl, Die 
Nattlrbchen Pflanzenfamiben, 1, 29) 

Bacillus pyramas (strains I and II) Paillot (1913, C R Acad Sci , Pans, 157, 611) 

Baallus sphingidis White (1923, J Agr Res , 26, 479) 

Baallus iingens (as used by Eckstem, 1894, Zeit f Forst- und Jagd , 26, 10) 

Certain of the above-hsted species may, on the basis of their pubhshed descrip- 
tions or charactenzations, be more or less defimtely assigned to other genera or 
^6 placed m synonomy with eMstmg vahd species The majority, however, 
Heed considerably more cultural study before this can be done In such cases, 
it may be adiusable m the meantime to assign most of them temporarily to the 
genus Baclenum which is used to cover species of nonsporefomung, rod-shaped 
bacteria whose position m the sj stem of classification is not de fini tely established 
{Bergey's Manual, 5th ed , p 590) Unless further study or the accumulation 
of additional information should show any of these bactena to be capable of 
forming spores, they certamlj'' do not belong to the genus Bacillus Cohn and 
^d not bear this genenc name 

oncenung certam species mentioned m the hterature on infections m insects, 

* has been impossible to determme from the information at hand whether or not 
oy are capable of fo rmin g spores They are 

Baallus alvcolans (as used by Eienioposky, 1916, Rept Volhyma Entomol Bur for 1915, 

R T PP ^ 

Serbmov (1912, Messager de la Soci4t4 Russe d’Apiculture, No 3) 
Banii^ *^^®ouusuTn Beltiukova and Romanevich (1940, RGkro Zbumal, 7, 131) 

^ liquefactcns FlOgge (as used b> Pospelov, 1927, Repts on App t , 
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by Po3pelov, Repts on Appl 

^an/Jo^po/van dor Goot (1916, Med ProefsUt.onvoordeJavaSmkenndnBt.pt 6. No 

Bacllu, rubi/accns (as used by Sawamura. 1900, Tokyo Imp Umv CoU Agr Bull , 7. 

Bac,llu» *al«/ar,s Mctehmkoff (1879. Ueber d.e Krankheiton des GetreidekAfers [An.Bopl.s 
ausfrracaj Odessa) 

Bacillus icpitcacmiac lophyn Sbperovich (1925, Protect PlanU Ukrame, pt 3-1, 41) 


The following list includes those alleged species, without regard for their 
validity or synonomy, vhich have been characterized as forming spores, and 
accordingly may be considered os belongmg to the genus Bacillus 


Bacillus agihs larvae Toumanofif (1927, Bull Soo Cent de M4d V4tdr , 80, 367) (- 

Bacillus agilts Hauduroy ct al , but not Baallus agtlts Alattes) 

Bacillus alvei Cheshire and Cheyne (1885, J Roy Micro Sec , Ser 2, 6, 581) (Includes 
Bacillus pluton While, a UDiiapDrelornung pbasa } 

Bacillus bombyas nuot (Sometimes referred to as "Baallus bombycis Pasteur ” Name 
taken from Baallus bombyas Macchinti, 1891, Stai Sper Agr Ital , 20, 118 ) 
Baallus bombycoides Paillot (1942, C R Acad Agr , France, 28, 168) 

Baallus bombyseplteus Hartman (1931, Lingnan Sci J , 10, 2^) 

Baallus brandenburgtensisMaassca {1905, Mitt Kaisl Biol Anst f Land-u Forstwirtsch , 
2. 28) 


Baallus burn (os used by Cowan, 1911, Bnt Beekeeper’s Guide Book, 226 pp ) 

Baallus “C” Sokoloff and Kloti (1942, Phytopath , 32, 187) 

Baallus cereus Frankland and Frankland (1887, Philosoph Trans Roy Soc London, 178, 
B, 279) 

Baallus ellenbacbi (as used by Sawamura, 1906, Tokyo Imp Umv Coll Agr Bull , 7, 
105 Possibly Bacillus ellenbachensis Gottbeil ) 

Baallus gryllolalpae Metalmkov and Aleng (1935, C R Acad Sci , Pans, 201, 367) 
Baallus hoploslemus Paillot (1916, C R Acad Sci , Pans, 103, 774, also 1919, Ann Inst 
Pasteur, 83, 403, also 1922, Ann fipiphyt , 8, 115) 

Baallus tnlrapallans Forbes (1886, Bull Bimois SUte Lab Natur Hist , Art IV, pp 283, 


283, 297) 

Baallus larvae White (1905, Thesis, Cornell Umv , Ithaca, N Y also, 1920, V SJJA 
Bull 809, p 13) 

Baallus lasiocampa Brown (1927, Am Aluseum Novitates, No 251, pp land?) 

Baallus laUrosporus Laubach (1916, J Bact , 1, 611) - Baallus orpheus White (1912, V S 
Dept Agr , Bur Ent , Cir 157, p 3, also McCray, 1917, J Agr Res , 8, 410) 

Baallus lentipiorbus Dutky (1940, J Agr Res , 61. 67) 

Baallus megatherium Do Bary (1884, Vergleichende Morph u Biol d P‘ ^\P 

Baallus megatherium bombyas Sawamura (1905, Tokyo Imp Umv CoU Agr BuU , B, 
375) ' 

Baallus mesetilencus Trevisan (1886, Die Mikroorganismen, p 321) 
miht H iwfird (1900. Gleanings m Bee Culture, 38, 122) 

Baallus monachae = Baallus Hojmaun •= Baallus"B ) 

Baallus mycoides FlOgge (18S6, Die ALkroorgamsmen, p 324) 

Baallus orpheus Wliiie ’^^< 33 ) 

Bacillus para olw Burnside (1932,^ Bee J, 72, 4 ) 

Bacillus popilliae Dutky (1940. J Agr Res . 61. 67) 
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Baallus seplirus insedorum Tvrassilstschik (1893, Memoires de la Soc Zool , France, 6, 250 ) 
Baallus simthu (as used by Eckstein, 1S94, Zeil f Forst- u Jagd , 26 11) 

Baallvs snilo auct (referred to os “Ischivata’s sudden death bacillus,” e g , see Sawamura, 
1905, Tokyo Imp Univ Coll Agr Bull , 6 375) 

Baallus spermalozoidcs (as used bj’ Eckstein, 1894, Zeit f Forst- u Jagd , 26, 13) 

Baallus subiths Cohn emend Prarmoaski (Cohn, Beitrage z Biol d Pflanzen, 1872, 1, 
Heft 2, 175, 1875, Heft 3, 188, 187G, Heft 2, 249 Prazmowski, 1880, Inaug Diss , Leip- 
zig) 

Bacillus fenax (as used bj Eekstem, 1894, Zeit f Forst- u Jagd, 26, 14) 

Baallus thoraas Howard (1900, Gleanings in Bee Culture, 28, 122) 

Baallus Ihurtngtensjs Berliner (1915, Zeit f Angew Ent , 2, 29) 

Baallus trachcxlis sire [or] graphtlosts Krassilstschik (1893, Mem de la Soc Zool France, 
6, 250) 

Baallus "X” White (1904, N Y Dept Agr , 11th Ann Kept , p 103) = Bacillus lanae 
White 

Some sporefonmng bacteria pathogenic for insects have been assigned the 
genenc name Badenum by their desenbers Smee these are sporogenic and 
aerobic, hon ever, the ivnter feels that if the species are vahd, he is justified m 
recommending that new combinations be made of each of them and that they 
he placed m the genus Bacillus, althou^ m so domg he does not necessarily 
recognize them to be distmct and vahd species The followmg are the names 
concerned 


Baclcnum canadensis Chonne (1929, Intemat Com Borer Invest , Sci Kept , 2, 39, also, 
1929, Ann Inst Pasteur, 43, 1^) 

Baclenum caeaubon (two strains) Metaimkov, Ermolaev, and Skobaltzyn (1930, Intemat 

Com Borer Inv est , Sci Repts , 3, 30) n ar i 

Baclenum chnsiiei Chonne (1929, Intemat Com Borer Invest , Sci Repts , 2, 46, also, 


1929, Ann Inst Pasteur, 43, 1666) „ 

Baclenum ephestiae (two strains) Metaimkov and Chonne (1929, Ann Inst a eur, , 
1393) = Baallus Ihunngiensis Berhner . 

Baclenum gallenae (two strains) Metaimkov (1922, C R Acad Sci , Pans, , , i 

Kitajuna and Metaimkov, 1923, C R Soc Biol , 88, 477) 

Baclenum ilalicum Metaimkov, Ermolaev, and Skobaltzjm (1930, Intemat Com Borer 

Invest , Sci Repts , 3, 30) -c i » aa Un 

Baclenum mlanoni Chonne (1929, Intemat Com Borer Invest , Sci Repts , 2 , 44, ais , 

1929, Ann Inst Pasteur, 43, 1664) zmon 

Baclenum pyrena (two strains) Metaimkov, Ermolaev, and Skohaltzjm (193 , 

Com Borer Invest , Sci Repts , 3, 28) 


It will be noted that a few of the species hsted are well-knoiim saprop ic 
bacteria and are not entomogenous except as they have occasiona y en oun 
causmg infections m insects or have been moculated into insects for expenmen a 
purposes Certam others do appear to be almost stnctlj entomogenous m eir 
habitat Still others have been desenbed so inadequately or hai e not n c 
uctenzed m such a way as to permit defimte identification tliat or e imo 
being at least, their names are practicaUy meamngless so far as hemg ^tmet 
^les IS concerned In fact, it is not likely that the sj-stematic standmg ot 
of tills latter group vnll ever be venfied and for all practi purpo-es 
most of them may be considered as nomina nuda 
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Bacillus alvei Chealure and Cheyne 
Bacillus bombycis auot 
Bacillus larvae White 

Bacillus lalerosporvs Laubach (=,Bacillus orpbeus White) 
Bacillus Icntimorbus Dutky 
Baallus popilliae Dutky 


Those mtomogenous species tihich may be distmct and vahd but which have 
nad insufficient comparative work done on them to ascertam this fact, mclude 


Bacillus bombysepticus Hartman 
Bacillus bombycoides Paillot 
Bacillus hoploslemus PaiUot 
Bacillus lasiocampa Brown 


EXPIANATORT DISCUSSION 


The hstmgs given on the foregomg pages are not entirely self-explanatory as 
to the taxonomic and nomenclatonal status of all the species concerned The 
principal pomts of some of these aspects are briefly analyzed m the discussion 
which foUon-s 

Bacillus alvei In 1885 Cheshire and Cheyne described Bacillus alvet ns 
the cause of European foulbrood of the honeybee, Apts meUtfera L Since then, 
considerable differences of opmion have been expressed concermng the etiology 
of this disease and the true status of Bacillus akei hlaassen (1907, 1908) 
beheved that a combination of BacHlus alvei and an organism he named Step- 
iococcus apis were necessary to cause the foulbrood In 1908, White observed a 
bacterium, which he referred to as bacillus “Y", and which would not grow on the 
usual artificial media In 1912 he considered this nonsporulatmg organism to be 
the exciting cause of European foulbrood and gave it the name Bacillus pluton 


White mamtamed this position in his comprehensive report on this disease in 
1920, considenng Bacillus alvei, Streplococcus apis, Baclenum (Achromohacler) 
eurydtcc White, and Bacillus orpheus White to be secondary mvaders 

For several years followmg the work of White, the etiological r6Ie of Bacillus 
pluton was accepted with some workers (e g , Sturtevant, 1925) pomtmg out 
that even m a secondarj’’ r61e, BaaUus alvei probably had a marked influence 
upon the course of the disease Then, m 1928, Lochhead showed that BacMus 
alvei, when grown for several weeks on sugar-containmg media, possessed a 
coccoid stage which appeared similar to Bacillus pluton Lochhead question 
whether BaciUus pluton, as a separate species, could be said to e-xist at all, si^ i 
has never been known to be obtained m pure culture, Wharton’s a928) 

Its cultivation having been discounted by Lochhead Wharton ° ’ 

that “cultures of B pMon have been observed to ^n^to B alt 
,.oooTnhlm(r bioloHcally the B alvei isolated from mfected larvae 

r,™ E^epJbtohedan.ccountofl™ studies 01 thebacw 
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■which satisfactorily e'^lams the etiolog 3 '’ of this disease in bees He noted that 
several morphologicall}’’ different bacterial forms are more or less constantly 
present m honejbee hm ae sick or dead of European foulbrood, these forms are 
absent m larvae sick or dead of other causes Of particular significance, as 
regards the present discussion, is Burnside’s observation that “Bacillus alvei 
IS capable of morphological, cultural, and biological transfonna'tion and is also 
capable of stabihzation, at least temporarily, as a sporogemc rod, an asporogemc 
rod resembhng Bacienuni eurydicc, or a coccoid resembhng Bacillus pluion 
As to 'the identity of Streptococcus apis and Bacillus pluton, Burnside appears 
to be qmte certam He further suggests that Bacillus pluion and Streptococcus 
apis are variants, or stages m the life historj’’ of Bacillus alvei Among the several 
reasons for tbiR behef, he cites the occurrence of variants resembhng Bacitlus 
pluton m pure cultures of Bacillus alvei and by the apparent ongm on rare 
occasions of sporogemc Bacillus alvei in cultures of Streptococcus apis Tarr 
(1935) suggests that there may be several distmct strains of Bacillus alvei ■which 
mav be differentiated on the basis of their fermentative powers 
Several other theories on the etiology of European foulbrood have been pre- 
sented m the hterature but none of these are based on direct proof Nearly 
all recent e^vidence tends to support Burnside’s concept and until conclusive data 
to the contrary are put forward, there seems to be no good reason why Bacillus 
alvei IS not a species m good standmg and the causative agent of European foul- 
brood If Bacillus pluton is m fact a separate and distmct species it should be 
removed from the genus Bacillus smee it is not sporogemc 
Neide’s (1904) Bacillus alvei Erompecher may be considered synonymous to 
Bacillus alvei Cheshire and Chejme 

Observations by Clark (1939) and by Nathan R Smith (personal commum- 
cabon) strongly suggest that Bacillus para-alvei is essentially the same as BacOlus 
alvei and that thej'^ maj’" be considered to be the same species 

Bacillus bombtcis Accordmg to the modem theories concemmg flachene 
(flacheiy or flaccidity) m the silkworm, Bombyx mon (L ),an ultra^virus is the 
true cause of this disease m which bacteria are imp)ortant secondary mva ers 
Streptococcus bombycis is the secondary" mvader the sjmdrome known as 
9attine results, when the secondary mvader is Bacillus bombycis auct , the con- 
gou known as true flachene or the flachene of Pasteur is the co^equence 
Therefore, even though Bacillus bombycis is not the excitmg cause of the ^ease, 
nevertheless, under certam conditions, it ma 3 ’- be said to have pa ogemc 
P^perties and very likely is an important factor m the course o t e ease 
The name Bacillus bombycis is surrounded ■with several nomenclato ■vag^ 
^ which confuse the picture considerably Unfortimatel} , Pasteur ( / ), 'w 

''coi ered the organism, neither named or precisel}’’ desenbed it e c c e 
it as bemg “des ■vibnons, souvent trhs-agdes, avec ou sans Myaim 
dans leur mtdneur ” In 1891 Alacchiati gave the name BamTlus bombycis 
® n sporefonnmg organism he found m larva, pupa, and adult o e 
^ are sei eral reasons for behenng that jSIacchiati’s organism is no , 

^ usteur’s “■vibnon A noyau,” two of which have been pomted out y o 



68 


Edward a stbinhads 


[voL. 10 


(1930) (1) Pasteur s bacHlus js Dot cultivable on ordinary bactenological media 
^‘PParently had no difficulty in^growing his oTgamsm’ 
Ihil decolorized in usmg Gram’s method of stammgi 

Macchiati s organism apparently is not Accordmg to Paillot, these two 
catena would also sene to differentiate Pasteur’s organism from Ishivata's 
Uaallus sollo, a bactenum found in association mth flachene m Japan and 
similar to another sporeforraer found m diseased silkworms in Prance Also 
thus eliminated would be the possibility suggested by Sawamura (1905) that the 
organism with which we are concerned is a stram of BacOhis megalhmum 
According to accepted procedures of nomenclature, Macchiati’s onginal use of 
the name Bacillus hotnbycis for the cultivable sporeformer he isolated would 
preclude its use for Pasteur’s bacillus In hght of the dissunilanty between 
Maccbati’s and Pasteur’s organisms, however, PaiUot (1930) has seen fit to 
retain the name Bacillus bombycis for Pasteur’s bacillus and to suggest that 
another name be given to the species isolated by the Italian author Thus, 
throughout most of the recent literature on flachene the name BaciUus boiribycts 
has been used to designate the sporeformer observed by Pasteur and subsequent 
W’orkers Macchiati’s bacillus has had no additional work done on it and a 
guess might be that it was one of the common, more-or-less saprophytic spore- 
formers known today Paillot’s procedure m usmg the name Bacillus homhyas 
Sot Pasteur’s organism makes a homonym of the name and is contrary to the 
accepted rules of nomenclature It therefore becomes a question of acceptmg it 
on the basis of common usage or of proposmg a new name for it The latter 
procedure would no doubt be the more correct one but whether a new name would 
now be accepted by workers m this field is another matter Smee nearly all 
users of the name Bacillus bombycis have used it m refemng to Pasteur’s organism 
(and Macchiati apparently thought be was deahng with Pasteur’s organism), 
its acceptance in its present form would probably be favored by most authonties 
The name BaciUus bombycis has been used by Chatton (1913) for a small, 
nonsporeformmg gram-negative rod PaiUot (1930) used the name BaciUus 
bombycis non Itguefaciens for a nonsporulatmg bactenum In both of th^ 
cases it IB clear that the names are not vahd smee both are antedated by 
hlaccbiati’s use of the name for the sporeformer ^ 

Whether any of the bactena mentioned in the precedmg paragraphs is Jo^ 
(1858) "Vibno Aglaiae," apparently the first bactenum desenbed from diseased 

Other SPEaES Although the fifth edition of Bergey’s Manual does not 
include a recogmtion of BoaUus larvae White, ^ere is no ^njhy j 

Tint entitled to full taxonomic standmg * Baallus larvae 
Amencan foulbrood m the honeybee, Aprs 

^demble amount of study Synonyms mclude Bacillus CS W n 

brandenburgicnsis Maassen ^d Bacillus^m ^^ky m 1940, 

Baallus Icniimorbus and Baallus popiUiae, desenoeo oy " 

. Dr Bobcrt B Breed has informed the writer that the forthcoming 6th edition o 
Mani S mclude a description of Aac,«u. forcac 
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are species causing the so-called milky diseases of grubs, particularly those of 
the Japanese beetle, PopiUta japomca Newman These milky diseases are 
pla} mg an important r61e in the control of the Japanese beetle m the eastern 
Umted States Both bactenal species, particularly Bacillus popilhae, have 
been relativelj’^ well studied and are valid and distinct species 
Bacillus orp]ieusv,ixs the name given by Y\Tute (1912) to a sporeforming bacil- 
lus found occasionally m bees affected vath European foulbrood It, m itself, 
was not found to be pathogemc for bee larrae and White (1920) considered it to 
be one of the secondary mvaders encountered m the disease Recently Smith, 
Gordon, and Clark (1946) have presented e^^dence showing that Bacillus orpheus 
is identical with Bacillus laterosporus, originally isolated by Laubach in 1916 
from water Although T^ffute named the organism m 1912, a descnption was 
not pubh^ed until 1917 (McCray, 1917) In the meantime Laubach’s descnp- 
tion of Bacillus laicTOsporus appeared, thus invahdatmg the name Bacillus 
orpheus which Smith et al , have suggested should be discarded 
A common soil organism. Bacillus cereus, has been found as a pathogen for 
insects on several occasions and there is a good possibihty that several of the 
strains descnbed under other names (e g , Bacillus ellenbacht) are in reahty of 
this species Nathan R Smith (personal correspondence) has determmed as 
Bacillus cereus the strain of Bacillus Ihunngiensis sent to him by Mattes (1927) 
Similarly, Smith found a culture of Bacillus “C” obtamed by the WTiter from Dr 
b J Klotz, to be a typical stram of Bacillus cereus No doubt other common 
sporeformers are represented m the list presented on the foregomg pages 
Certain species, if vahd, are m need of renaming if for no other reason thim to 
place them m bmomial form In some cases, the use of hyphens m formmg 
the specific epithet would not help a great deal In other cases, agreeable names 
could probably be formed m this manner, e g , Bacillus septicus-inseclonim 
comb nov 

6UMMAET 

This paper is an attempt to assist m segregatmg from the genus Bacillus 
Cohn those species of bacteria pathogemc for insects which do not form endo- 
®Pores and to express an opmion as to which of the insect pathogens of the group 
ot sporeformers concerned are correctly named (genencally), and to mdicate 
''■hich are probably the valid species of the genus 
bisted with their original citations are 45 alleged species which hav e n 
Pven the genenc name Bacillus but which are not sporogemc and which, there- 
01^, should be removed from the genus Bacillus Cohn Forij'-four names are 
jsted, also with their ongmal citations, of presumably aerobic bactena which 
' G been characterized as formmg spores, and which accordmgly maj proper y 
^ considered as belongmg to the genus Baallus Eight of these sporefonmng 
Were originally assigned the generic name Baclcnum bj their desen rs 
correcth belong to the genus BaaUus The names of nme speaes are given 
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for Which It has been impossible, from the mfonnation available, to defemme 
•whether or not they are eapable of formmg spores 
The nomenclatonal and taxonomic vaganes of certam of the species (ec 
Baallus ahct and Badllus bombyas) are discussed m some detail 
Since the basis on u hich the genus Bacillus now stands appears to be distinct 
Bound, and no doubt reasonably permanent, it is recommended that greater 
care be taken by both microbiologista and entomologists workmg m this field to 
avoid the flagrant misuse of the generic name BaciUus m the identification and 
classification of bnctena encountered m them work 
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The development of the science of bactenolog}^ has been marked bj notable 
advances m the studj' of disease and in the control of mdustnal and agncultnral 
processes m which rmcrcorgamsms pla^ a ^’ltal role For the most part, these 
ad\ ances arose from a study of the general properties of bacteria and of the rela- 
tionship between them and their emironment In recent 3 ears, as a result of a 
closer inspection of the biolog}' of microorg an isms, especiall3 as related to biology 
in general, there has been an mcreasmg arrav of new apphcations of bactenologi- 
cal matenal and methods to a \ anet}’- of problems This trend toward broaden- 
mg the scope and significance of bactenology is evemphfied by such dev elopments 
as the use of bactena as a source of specific enz3Tnes, as tools for the quantitative 
Assay of numerous vitamins and ammo acids, as matenal for research in genetics, 
AS producers of antibiotic agents, and as a gmde to the understanding of certain 
biochemical reactions of higher organisms Accompan3Tng this trend has been 
An mcreasmg recogmtion of the fact that while bactena have certam i^que 
properties, their metabohe activities and biochemical behanor are 
analogous to those of higher organisms The studies to be desenbed on the 
transformation of pneumococcal t3’pes had their ongm m an attempt to c 3 
A phenomenon that appeared to be quite umque and limited to one species 0 
nncroSrganisms However, as mformation accumulated concemmg the more 
intimate aspects of the problem, it became apparent that m this case also broader 
Pnnciples must be mvolved and that the results have imphcations be3 on o^e 
referable to the biology of the pneumococcus Thus, the present w ork provides 
Another example of the potential relationship of the knowledge game rom 
nncrobiological mvestigations to problems m other fields of scien c re^e^c ^ 
"^le phenomenon of transformation of pneumococcal t 3 T 3 es was scov ere 3 
Griffith m 1928 He found that it w as possible to transform a non-encap^a 
©■) V anant derived from one specific t3'pe of pneumococcus mto encap € 
aaUs of a heterologous specific t3’pe In the original expenmen s 
accomphshed by mjectmg mto mice a smaU moculum of hvmg R pneumococci 
along ^nth a large amount of heat-killed ceUs of an encapsulated strain 01 a 
aoparate t 3 'pe hlany mice so treated died of pneumococcal infection ma 
culture re\ ealed the presence of \’irulent, encapsulate pneumo 
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Of the same type as that of the heat-idled cells moculated These expenments 
1928 laboratones (Neufeld and^Sn 

hS ^ m 1932), and it ivas thus e2 

cd that predctable and type-specific modifications could be produced m 
p cumococci imder the influence of some substance present in heat-kdled cells 
Subsequently. Dawson and Sia (1931) were able to obtain sumkr transformations 

jn vilro by groinng an R strain in broth contauung anti-R serum and heat-hlled 
encapsulated S cells The next majoradvance occurred when Alloway (1932, 1933) 

uas successful m separatmg the active principle from encapsulated cells so that 
iH xnlro transformation could be earned out with cell-free extracts This work 
established the fact that the substance responsible for the mduction of trans 
formation can be obtamed m a soluble form, and it paved the way for attempts 
to determine its chemical nature The studies to be summarized m ilnq review 
deal mth the purification of the active transforming substance and with the idea 
tification and properties of the purified material Work on thvs problem has 
been earned out by Dr 0 T Aveiy over a period of several years, with the 
collaboration first of Dr C M MacLeod and later of the present wnter 
Crude transfomung extracts from heat-kdled pneumococci are complex mix 
tures of many constituents of the bacterial cells, and the prelimmary approach to 
purification mvolved a process of ebmmatmg the mactive components The re- 
moval of protem, hpids, nbonucleic aad and capsular and somatic polysacda 
ndes from Type III pneumococcal extracts proved to have no effect on transform 
ing actmty Consequently, the method for purifying the Type HL transfonnmg 
substance includes procedures for separatmg each of these inactive componenfs 
from the active matenal the protem by the chloroform method, the capsular 
polysacchande by digestion with a specific bacterial enzyme which hydrolyzes it, 
the somatic polysacchande by fractional alcohol precipitation, and nbonucleic 
acid either b}' enzymatic digestion with nbonuclease of by alcohol fractionation 
(Averjq MacLeod and McCarty, 1944) 

The final product obtamed after appUcation of these procedures possesses 
practically all the actmty of the ongmal crude extract It is readdy soluble m 
water or salme and gives clear, colorless solutions that are highly viscous even at 
relatively low concentrations The matenal is precipitated by alcohol in the 
form of a mass of fibrous threads and loses none of its biological activity on re- 
peated precipitatioa with alcohol Quahtative tests for protem and nbonucleic 
acid give negative results On the other hand, the diphenylamme reactiro for 
dcsoxynbonucleic acid (thymus type) is strongly positive, and “ 

semi-quantitative determmations by this method mdicate ^ caUfTnre 

fied matenal must be made up of this t3q3e of nucleic acid 
amply confirmed by the elementary chemic^ smIj'sis J^^^^Sosely 

content of 8 5-9 0 per cent and the “Orogen-phospho™ ratio oM 67 gr J 
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From these data, it can be concluded that the active material is concentrated m a 
desoYjTibonucIeic acid fraction of the pneumococcal cells 
Additional eindence concermng tlie efficacy of purification of the deso\}Tibo- 
nucleic acid fraction is obtainable by serological techmques, smce the purified 
material does not gi\e precipitm reactions vhen tested mth TAqie III anti- 
pneumococcal sera of high titer In new of the high reactinty of both the cap- 
sular and somatic potysacchandes and of pneumococcal protem, the results con- 
firm the impression that these serologically active substances ha"^ e been removed 
Analjais of the actl^ e desov^Tibonucleic acid fraction by electrophoresis and 
ultracentnfugation reveals that the matenal is surpnsmgl}’’ homogeneous m both 
the electncal and centrifugal fields In each case, there is a smgle, sharp bound- 
arj and the transforming property appears to migrate with the ^^Slble boundary, 
mdicatmg that biological actinty is associated with the desov 3 *ribonucleic acid 
The transforming actintj' of the purified matenal is estimated quantitatively 
by testmg the abihty of senal dilutions to induce transformation of susceptible 
R cells mto encapsulated TiTie III pneumococci The tests are earned out m a 
special serum broth which appears to be optimal for the reaction As httle as 
0 003 microgram of the desox^Tibonucleic acid fraction from Tjqie III pneumo- 
cocci, representmg a fionl dilution of 1 part m 600,000,000, is capable of causmg 
the transformation 

The data which have been bnefly summanzed demonstrate that a purified 
desoxynbonudeic acid fraction isolated from TjT® m pneumococci possesses 
tfie property of mducmg predictable and t 3 'pe-specific modifications m unencap- 
sulated cells denved from a heterologous tjqie of pneumococcus The change 
mduced is permanent and the transformed cells retam their capsular structure 
and type-specificity through repeated subculture Furthermore, the active 
substance can be isolated from transformed cells m amounts far m excess of that 
ongmally used to mduce the change, mdicatmg that m addition to mitiatmg the 
process of capsular sjmthesis, it is itself redupheated m the cell The question 
then arises whether the substance displaymg these unique properties is actually 
desoxynbonucleic acid The traditional mew stemmmg from early biochemical 
Indies considers the nucleic acids as more or less mvanable m structure, regar 
less of theu occurrence m nature, and there is no mdication that the}’’ possess the 
capacity to exert a biologically specific action comparable to that of the tran^ 
fornung substance Consequently, although all the data obtamed by chemic^ 
pbj'sical and serological techmques mdicate strongly that the biological antmty 
the transfomnng substance is a property of the desoxjuibonucleic aci , nr 
means were sought to obtam more duect and conclusive emdence that the nudac 
acid itself and not some other substance, present m small amounts and mtrma e j 
®asociated with the nucleic acid, is responsible for transformmg activitj 
Eruymes promde one of the most specific biochemical tools for app ca ^ 
this tjqie of problem When an enzjme is reasonably purified and mteUigent y 
cmploj ed, its effect on the activity of a biologicall}* active molecule ^n m some 
stances supply direct and unambiguous evidence concermng tec emi 
^ture of the latter Xumerous examples of this use of enzimes hai e appeare 
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ZrU hT “ore ponfied enzyme preparations of vanms 

rvdrdvzi tr“' T 1 “ned which 

rr PO^y^cchande of pneumococcus Type III was ongmally 

isolated by Dubos and Averj^ (1931) to provide an enzymatic reagent that could 
be imcd to confirm the polysacchande nature of this substance It is of mterest 
that m this case enzyme specificity surpasses the specificity of serological rea^ 
tions, since the capsular polysacchande of pneumococcus VIII which crosa 
reacts with Type III m serological tests is not attacked by the specific IVpe III 
enzyme 

Enzymatic techmques were apphed relatively early m the course of the 
attempts to detenmne the nature of the transformmg substance It was found, 
for example, that crystalhne preparations of trypsm, chymoti^'psm and ribo- 
nuclease have no effect on the biological activity or physical properties of the 
transformmg agent, thus providmg further mdicabon that protein and ribo- 
nucleic acid do not play a vital r61e m the transformmg tests Op_the other hard, 
certain crude enzyme preparations, mcludmg mtestmal phosphatase, pancreatic 
extracts, dog and rabbit sera, and pneumococcal autol 3 ^tes, have the capacity 
of causing rapid and complete loss of transformmg activity (Avery, MacLeod, 
McCarty, 1944) These same enzyme preparations also possess the ability to 
hydrolyze highly polymenc preparations of desoxynbonuclac acid from animfll 
sources, but because of the crude nature of the enzyme mixtures it is impossible 
to determine mth certamty whether the inactivation of the transforming sub- 
stance and the hydrolysis of desoxyribonucleic acid are due to one and the same 
enzyme Obviously, then, the reagent required in order to provide conclusive 
results must bo a punfied preparation of the enzyme which attacks desoxynbo- 
nucleic acid However, this enzyme, desoxynbonuclease, was not available m 
punfied form, and its isolation and purification were therefore undertaken in our 
laboratory 

Native desoxyribonucleic ncid, as prejiared from anim al tissues by methods 
designed to avoid partial breakdown, is a highly polyunenc substance with a 
molecular w'eight of approximately 1,000,000 The molecules are elongated 
and asymmetneal and, as a result, solutions of the sodium salt have a high degree 
of structural viscosity Enzymatic hydrolysis of native desoxynbonucleatc 
breaks the molecule down to relatively small polynucleotide umts and is accom 
pamed by great loss of viscosity It is therefore convement to measure the^ion 
of desoxynbonuclease by following the fall m viscosity of a solution of c^-thymus 
sodium desoxynbonucleate when treated with the enzyme under stantod con* 
tions Tins method proved to be sufiSciently reliable and reproducible so tea 
it could be employed for the quantitative estimation of the activity o v 
enzyme fractions obtamed m the course of punfication 

Early m the couise of preparative procedures, it w^ Ht, 

bonuclLso requires activation by magnesium ions It thereloro 

te . fence of the actmtor 

mchlded m optimal concentration m the routme procedure for measuring 
enzyme activity 
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Although desoxjTibonuclease is present m a \side vanety of tissues, it oc^ 
m by far the highest concentration in pancreas Separation of the en^une from 
the bulk of other pancreatic enzjmies uas Snally accompl^hd by app ca ion 
the acid-extract method de^used by Kumtz and Northrop (1935) for the isolatmn 
of the tryptic enzjunes Beef pancreas is extracted ivith 0 25N ^ 

desoxjTibonuclease is precipitated by relatively Ion concentmtions of 
sulfate nhich do not throw down appreciable quantities of the 
By further salt fractionation of this material, a desoxynbonuclease P’^ePamtion is 
ohtamed which is free from lipase, phosphatase and nbonuclease -^-ty 
contains only traces of a proteolytic enzyune (McCarty, 19 ^ ^ 

activity on dioxynbonucleic acid is very high Under optimal conditio^ o W 
temperature and magnesium ion concentration, a readi y m^^ rrmpputra 
visc^tyof sodium desoxyuibonucleate solutions is o^tamedatmzymeconce 
tions Mow 0 01 microgram per ml More than 10,000 

is required to demonstrate the presence of the traces of proteolytic ^ 

are p^t as a contaminant It would appear that the degree of p^^tmn 
achieved is sufficient to provide the specific enzymatic reagent th 

for use m the study of the transformmg substance 4. ^ Wo in Knlution at 

Deaoxv^bonucLe .b reacUly soluble m yater and qm e stable m sotaton ^ 

pH 4 to 5 In contrast to the heat-stable nbonuclease, it “ be 
heat inactivation Highly effectiie inhibition o f „ gnjuble com- 
obtamed by the use of citrate, tihich apparently ac ^ ° pcinm ion from the 
plex inth Lgnesium and thus removmg the ®X'Tb”setw 

environment In addition, desoxynbonuclease is markedly inhibited bj serum 

of rabbits immumzed with the enzyme protem transformmg 

The purified desoxj-nbonuclease tras tested for its efiect ™ 
activity of the nneumococcal nucleate under the s^e exp ommel 

that 4e used m the case of the ^^'^'/fTlmrsuScXm 
nucleate (McCarty and Avery, 194(3a) Samples of ‘™^‘>'™f,^"72sov5- 
pneumococcus Tyiie III were mixed with v arymg conce ^ j.gac- 

nbonuclease and m^cubated for 30 mmutes At the end ‘If 
tion uas stopped by heating at G0”C to ^ctivf e f 

■were titered for transfonnmg actimty It was avrmp roncentrations 

stance is completely and irreversibly inactivated at e ^ of 0 001 

as W as 0 00^5 mierogram per ml Even at an rented 

nucrogram per ml a defimte loss of activity occurs micleic acid citrate 

control matenal As m the case of the hydroly sis of animal nucMd, 

inhibits the action of desoxmbonuclease on the evndence 

The data from enzymatic studies therefore provide 
for the view that the biological activity of the traMonnm doubt that 

erty of the desoxy'nbonucleic acid Certainly there nnUunenzed form, 

dcEovN-nbonucleic acid must be present m its mtact, highly P ^ 

‘“id vhen all the evudence is considered it appears ex reme 5 * responsible 

fraecs of some other specific substance, such as a pro em, 
for the manifestation of the transformmg activity 
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Tlie possibility is therefore suggested that nudeic acads possess a tvoe of hin- 

eSv ^ ^ unsuspected Nucleic acids^ appar- 

ently preset in all living cells and it wfll be recalled that the desoicyribose^ 
occurs exclusively m the nucleus A reconsideration of the possible rOle of^ 
cleic acids in vitd phenomena is mdicated m the hght of the observed properbea 
of pneumococci desoxyribonucleic acid These properties are charactenmi 
by two carnal effects the mduction in pneumococci of predictable and heri- 
table modifications and the self-reproduction of the active agent m transformed 
cells 

Indeed, tliere are certain striking analogies between the biological properbes 
of the transforming substance and those of viruses and genes For example, as 
in the case of viruses, the transforming agent acts only on susceptible Irvuig cells, 
it IS transmissible m senes and can subserjuently be recovered in amounts far in 
excess of that ongmally used as moculum As m the case of genes, the trans- 
forming substance behaves as a heritable umt m that it produces predictable and 
durable alterations in cellular structure and function and is itself reduphcated 
in daughter cells through successive generations It mtervenes m the mstabo 
lism of the II cell, givmg rise to the synthesis of a new capsular substance, which 
in turn endows the cells with distmctive and biologically specific characters not 
possessed by the parent stram Although the vahdity of these analogies may be 
questioned, they sen c to underline the possible imphcations of the phenomenon 
of transformation m the field of genetics and m virus and cancer research 
With respect to the biological specificitj of the pneumococcal nudeic acid, 
it should be pomted out that m all probabihty only a small portion of the total 
molecules are endowed with transforming activity A desoxyribonucleic aad 
fraction can be extracted from unencapsulated R pneumococci which is Bimilar 
m all respects to the Type III preparations, except that it is wholly inactive m the 
transforming sj’Btem It is possible that the nucleic aad of R pneumococci is 
concerned ivith mnumerable other functions of tie bacterial cell m a way sunilar 
to that in w'hich capsular development is controlled by the transformmg sub- 
stance The desoxyribonucleic acid from Type IH pneumococci would then 
necessarily comprise not only molecules endowed xvith transformmg activity, 
but m addition a vanety of others which determine structural and metabohc 
activities possessed m common by both the encapsulated and unencapsulated 
forms This imphes that any given desoxynbonudac aad preparation repre- 
sents a complex nuxture of a large number of entities of diverse specifiaty 
In addition to enzymatic inactivation of the pneumococcal transformmg su 
stance another form of mactivation has been observed which is of speoal mterest 
revembJ,W In the pnisenee of teorlnc acd and Wees of cupne 

,on,atnentnaorBhBhtlyaltoImere.et.on,fteWomnigm.teto(»^ 

almost quantitatively reactivated by treatment with glutathione 
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msm of the effect is apparently that of a reversible oxidation, the action of 
ascorbic acid depends upon its autoxidation with concurrent formation of per- 
oxides, which m turn act on certam reversibly oxidizable, but ^ 
tified, groups in the molecule of transformmg substance ^IcCarty, 19 ) 
In addition to its value m estabhshmg the chemical nature of the tra^ormmg 
substance, the isolation of desoxjmbonuclease m purified form proxades ^ - 
uable tool for the study of desoxynbonucleic acids m severd fields “ 
bon For example, it has been apphed to the histochemical ^dy of the occur- 
rence and distribution of descquibonucleic acid in normal an , 

Moreover, the knowledge obtamed concemmg the properties t e 
contnbuted further to the problem of pneumococcal transfoi^tion ^ g 

possible a new method for the isolation of the transformmg su ce o 
m cells Use of this improved method results m a considerable mcreas 
yield of active matenal, and it has been employed succesrfuUy m e PJ®P 
of purified transformmg substance from pneumococci other o 

in (McCarty and Aveiy, 1946b) 

Because of the ease with which pneumococci undergo y^, a CT,v,c;tance 
taken of this property m the first attempts to obtam the t ormm 
m a soluble, ceU-free form It was found, however, « active p P ^ 
could not be made from Ij^ates, and it seemed likely that P 

were responsible for destruction of the matenal durmg y^ have 

ported by the fact that active matenal can be extracted from c 
been heat-kiUed at 65'’C , a temperature known to inactivate mo 
ceUular enzymes The studies on desoxj'nbonuclease and its e 
transfonmng substance suggested the possibihty that activity 

tbs enzjune: and that it is responsible for destruction of 
during lysis of the cells Actually, it can be readily ^/desoxy- 

cocci ebborate a desoxynbonuclease which is sunfiar to e p presence 

nbonuclease m its pH optimum, heat labihtj’’, and epen ^ 

of magnesium ion ^The latter property is important b^use 
of inbbitmg the action of the enzjune by the^e o ci ^ bonuclease 

inactivation of the transformmg substance durmg ^Ttransform- 

actmty was established by showmg that m the presmce o ci allow- 
ing substance is released from the ceU without coincident des^ct^n ^ ^ 

mg cellB to lyse m a citrate solution, five times as mu ac v beat- 

mcovered from Type HI cells than by the onginal method of extractmg 

killed organisms ,, chemical nature 

As mentioned previously, although the imt^ III pneumococci, 

of the transformmg substance were all earned out ^ specific 

the citrate method has provided a means of obtammg g^ yi material 

bnnsfonmng substance from pneumococci of other types , , f jgsoxy- 
If W prepared from Type n and Type VI pneomoeoce. m the tormrf 
nbonedeic acid fractions similar m physical and chemica P^op^ 

II material and distmguishable from one another o y on 
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Hpccificity m the transfonning Bystem Therefore, m the three mstences Btaied 
by mference probably m all other types of pneumococci, the activ7a2 
belongs to the same general class of chemical substances 
The investigations which have been descnbed give us little insight into tie 
mechanism of the transformmg reaction It would be of mterest to know the 
manner m which the specific desoxyribonucleic acid enters a susceptible cell and 
how it sets m motion the senes of biochemical reactions that culminate in tie 
^mthesiB of the capsular polj sacchande It is possible that some knowledge 
concerning mechamsm may be forthcoming from studies now m progress on the 
rfile of the factors present m serum which are required m the transformation 
system The data so far obtamed are mterpreted as indicating that the eenim 
factors act by altenng the surface of the bacterial cell so that the specific desoxy 
nbonucleic acid is taken up or absorbed 
In summary of the present work, it seems possible to conclude that the accumu 
lated evidence has established beyond reasonable doubt that the active substance 
responsible for transformation is a specific nucleic acid of the desoxynbose type 
The isolation of desoxynbonuclease in purified form suppbes a specific enzymatic 
reagent for apphcation not onlyto this problem, but to avanety of others mvoW 
ing desoxynbonucleic acid The question of the vital function and biological 
Bpecificity of nucleic acids in general deserves reconsideration in the hght of tie 
observed properties of the pneumococcal transforming substance 

REFERENCES 

AI/Wjwat, J L 1933 The transfonnatioii in vitro of R pneumococci into 8 forms of dil 
fcront Bpcafio types by the use of filtered pneumococcus extracts J Exptl Med , BS, 
01-99 

Allowat, j L 1933 Further observationa on the use of pneumococcus extracts m effeeb 
ing transformation of type in vitro J Exptl Med , 67, 266-278 
AvEnr, 0 T , MacLeod, C M , and McCaott, M 1944 Studies on the chemical nature 
of the substance mduciog transformation of pneumococcal types Induction of trans 
formation by a desoxynbonucleic acid fraction isolated from pneumococcus Type III 
J Exptl Med , 79, 137-163 

Baurhenn, W 1932 Exponmontcllo Untemiohungon sur VanabilitSt und tur Ansl^o 
dor R -► S Umwandlung von Pneumolokkon, mit besonderer BorOcLsichUgung dcr 
Gruppo X , Zontr Bakt Paraaitenk Infek 1, Ong 126, 68-92 
Dawson, M H 1930 Tho transformation of pneumococcal types 11 The mtercon 
vorlibihty of type-specific S pneumococci , J Exptl Med , El, I23-I47 
Dawson, M H . and Si a, RHP 1931 In vitro transformation of pneumococcal 
I A technique for inducing transformation of pneumococcal types m vitro p 

aSrt, 0 T 1931 Decomposition of the 
pneumococcus Typo III by a bactenal onxyme J &ptl 
GHrFFire,F 1928 Tho mgn.ficanco of pneumococcal ty^ J 
MrCtitTY M 1945 Reversible inactivation of the substance md g 

of pnoumocoeeal types J ^“5, „bonucIcase isolated from 

McCAUTT, M 1946 Punfi^tion and proportiea of dcsoxynbonu 

beef panertaa J Gen. Physiol , 29, 123-I39 



1946 ] 


TRANSFORMATION OF PNEUMOCOCCAl. TYPES 


71 


McCahtt, M , AND Avert, 0 T 1946a Studies on the chemical nature of the sub- 
stance inducing transformation of pneumococcal tjrpes II Effect of desovjnbonu- 
clease on tho biological activity of the transforming substance J Exptl Med , 83, 
89-96 

McCartt, M , AND Avert, 0 T 1946b Studies on the chemical nature of the substance 
inducing transformation of pneumococcal types III An improved method for tho 
isolation of the transforming substance and its apphcation to pneumococcus Types 
II, III and VI , J Exptl Med , 83, 97-104 

Neuteld, F , END Levivthad, W 1928 BeitrSge zur Vanabilitat der PneumokohLon 
Z Immumtfits , 66, 324-340 

Kdnitz, M , and Northrop, J H 1935 Crystalline chymo trypsin and chymotrypsino- 
gen I Isolation, crystallization, and general properties of a new proteolytic enzyme 
and its precursor J Gen Physiol 18, 433-45S 

Reivann, H a 1929 The reversion of R to S pneumococci J Exptl Med , 49, 237- 
249 




THE SIGNIFICANCE AND APPLICATIONS OF BACTERIOPHAGE IN 
BACTERIOLOGICAL AND ^TRUS RESEARCHi 


JAIMES CRAIGIE 

Connaught Medical Rcaearch Laboratones, and School of Hygiene, University 

of Toronto, Canada 

Hartman (41) in his recent plea for “the httle researcher”, remarked “that 
■^r does not favor the discovery of new pnnciples m science” War may, 
however, by forcibty reminding us of the fact that apphed research too frequently 
outsteps pure research, provide a subsequent stimulus to basic mvestigations 
No one can foresee the basic discovenes of to-morrow, the predictable belongs to 
the level of apphed research At best we can merely select phenomena which we 
do not understand, confident that if we mvestigate them m a true scientific 
spmt, some useful knowledge wiU emerge 
Advances depend equally on new ideas and new tools or methods Our m- 
^Dunate tools and matenals must be designed and operated, they lack the prop- 
erties of self-assembly and self-duphcation The eflBcaoy and sensitivity of our 
methods depend upon our skill and knowledge Standard methods are apt to 
beget standard ideas and may impede progress if used uncntically m the research 
laboratory This address is based, m part, on the thought that m the mvesti- 
gation of primitive hving things like bactena it may sometimes be more appropn- 
ate and more profitable to employ agents endowed with certam attributes of 
livmg matter Such agents, the bactenophages or bactenal viruses, may be 
regarded and employed as ultramicroscopic techmcians 
In the past two decades, our knowledge of mammahan viruses has vastly m- 
cteased and effective vaccmes for some have been developed, but the really 
difficult problems of their control he before us Some may be solved by empm- 
cal methods, expensively, as regards tune, matenals and labour Others will 
^^^ain unsolved untd we have an adequate knowledge of virus-host cell relation- 
® ps and inrus mutations Humamtanan and economic considerations de- 
niand that the duect attack on human and animal virus diseases be not only con- 
tv. reinforced The most effective reinforcement is not necessarily 

® assignment of more funds and more personnel to particular practical problems 
trols^ extension of our theoretical knowledge and the development of new 
I new methods, and new and more frmtful pomts of view 
robabb'- the most important and difficult problem which has to be considered 
|n encouragiug and m providmg for bacteriological and virus research is the prob- 
achieving the optimum balance between apphed and basic research 
ere is an mcreasmg reahzation of the value of bactenal viruses as matenals 
asm study Although phage and susceptible bactenum provide the simplest 
ost cell sj’stem for mvestigation, the mechamsms of adsorption and the 

Fortv \ddrcss delivered before the Societj of Amencan Bactcnologist-s at its 
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innumferabk patterns of virus-host cell relationships are veiy far from beme 
simple Many phenomena have been observed mth phage and host cell which 
cannot be satisfactorily explamed and the mode of reproduction of the phace 
rcinams a mystery We cannot ignore these problems just because they appear 
to be of no practical mterest, of no immediate value at the apphed levels of the 
vanous branches of our science They are significant, for they emphasize the 
inadequacies of our knowledge of cellular bioohemistry, of bactenal genebcs, of 
the mechanisms of virus reproduction, and of cellular immunity to viruses 

There has been such an mcreased mterest recently in bactenophage that any 
comments of mme might appear superfluous. Further, the subject is so extenare 
that I cannot hope to do more than select a few of its aspects which, to me, appear 
to be of relative importance Indeed, m sdectmg, I must enter the plea that I 
regard this as a pninleged occasion on which a comprehensive review is not 
demanded 

I am not going to stress control ersial matters, because I feel that discussioii of 
these IS premature Apropos of the vanous hmited obsenmtions to which I ahaH 
refer, I would like to tell the story of the mquisitive deep sea fish Like other 
denizens of the dark abysmal zone, this species was phosphorescent and the study 
of vanous patterns of hght spots was a necessaiy part of the education of the 
young There was, of course, a rule against swimming above a certain level 
This had its basis m the limits of adaptabihtj' to changmg conditions of pressure 
and temperature The particular species to which I refer was umque m adapts 
bihty, however, although this was not reahzed 

One day an independent young fiish said, “To heck with the rules." and went 
off on his own, swimming up and up and up until he reached the surface lia 
sun had set, but there was a new moon m the western sky and the fish, after 
gazmg astonished at this strange phenomenon, hastened back and told his com 
panions The news finally^ reached the ears of the older fish who said, “hon 
sense,” and stated that the rule about swimmmg above a certain level would be 
enforced Some time later, another fish, thmlong that there might be something 
in the story after all, decided to mvestigate He sw am up and up and up FI® 

he reached the surface it was mght There was no moon, only a bnlhant ca^ 
of stars He looked around, but could see no crescent of hght such as the ® 
adventurer had seen, and disappointed, he returned He told his fnen t > 
was qmte true that there w ere hghts in the upper region, but they were 
and not very interestmg and he couldn’t see any trace of the mirac^ous c 
that lus predecessor had seen A httle later another fish succumbed 
Ho, however, reached the surface about noon Recovenng himseli, , 

blinded by the glare of the sun, he burned back m a stete of „,gvi 

told bis fnends of the amazing, dazzhng hght that he had seen 1 
tably reached the elder fishes They felt that this nonse^ ha 
and solemnly held a meetmg A commission was formed to 

matter and several days later, or rather mghts later, the midfH' 

the surface Unfortunately, the sky was heavily “ lUuminfltion wis 

of the night On its return the commission reported tha 
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definitely restncted to the abysmal zone The fish who had reported strange 
phenomena outside this region were pubhcly reprimanded for havmg disturbed 
the peace of mmd of the commumty 

Bacteriophage imtially aroused great interest because of its dramatc lybc 
effect on bactena tn vUro The hope of practical apphcation m human disease 
sustained mvestigataon for a period When the therapeutic mefficiency of phage 
became apparent, mterest languished, until revived by the work of Andrewes, 
Elford, Burnet, Asheshov, Schlesmger and others, (see reviews and articles by 
Burnet (11), Elford (27), Asheshov et al (8) and Delbruck (22)) The diversity 
of the sizes of different phages n as estabhshed The host specificity of many 
phages was correlated with the presence of a particular bacterial antigen The 
neutralization of bacteriophage by specific antiserum was studied extensively 
There was an mcreasmg recogmtion of the essential sumlanty of the phages and 
animal and plant nruses hlore recentlj'", the electron nucroscope has brought 
the phages withm range of visual appreciation It has not only confirmed pre- 
^^ous estimates of their sizes, but has surprised us with some morphological 
revelations 

The bactenophages share the foUowmg properties with animal and plant 
nruses 

(a) They have a similar size range Some species are as small as 10 m;i, 
others as large as 75 m^ 

(b) Thej’’ reproduce only mside a h\Tng host cell 

(c) Their host range may be wide, or limited to a smgle species 

(d) They may destroy the host cell, or maj*^ contmue to exist withm it m a 
latent state 

(e) They may extend or change then host specificitj^ by adaptation or mu- 
tation 

(/) The presence of one phage may mterfere with infection by another 
{g) They are antigemc, producmg antibodies which neutrahze them 
These sumlanties are the basis for recommendmg phage and susceptible bac- 
terial cell as model material for mvestigations which may aid progress with 
ma mmali an iiruses - Host specificity and apparent dependence on specific 
metabohc steps m the bacterial cell are considerations which suggest "various n ays 
m which phage maj’’ aid studies of the host cell I have not attempted to divide 
mj address mto two portions, one dei oted to viruses, the other to bactena It is 
more comement to foUov a sequence dictated by the phage particle, even if the 
resultmg presentation appears somewhat disjomted 

THE BACTERIOPHAGE PARTICLE 

Each species of bactenophage which has been measured has a characteristic 
particle diameter vhich is constant withm narrow limits Electron micrographs 

Delbriick (-5) ha^ expressed tins new in the following words, ‘‘The renewed interest in 
un Mienta researc ori these agents (i e , bacterial nruses) derives its inspiration pnn- 

j r ^ notion that such a study maj lead to a better understanding of the nature 
of all t\-pc3 of nruses ” 
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confirm this and demonstrate morphology (Luna, DelbrQck, and Anderson, 47) 
Certam radiations, wbch inactivate bactenophages, viruses and bacteria provide 
us with information regardmg them structure Under suitable conditions, a 
direct mactivatmg effect due to smgle ionizations can be obtained with X rays 
From the data the sensitive volume of the virus particle can be calculated It has 
been found that the sensitive volume of the few phages which have been studied 
m this way, is equal or almost equal to the physical volume In other words, 
nearly every lonizmg hit ivithin the phjfQcal volume inactivates the phage par- 
ticle (Lima and Bxner, 4S) Compare the sensitive volumes of vaccinia vims 
and Escherichia coh which are less than one-half per cent of then total cell volume 
Lea and Salaman (43) used a and y radiations m addition to X rays in a study 
of vaccmia virus Postulatmg that the sensitive material is dispersed as a large 
number of small umts, they estimated that each elementary body contains over 
900 umts The colon bacillus contains a somewhat greater number of sensitive 
particles These sensitive particles are presumably of many different kinds, for 
it 18 unlikely that the destruction of one out of a thousand similar molecules would 
lead to the death of the cell It may be argued, therefore, that each particle is 
different and that each is vitally necessary for functioning of the cell Since the 
organism cannot replace the damaged particle, we seem to be forced to the con 
elusion that we must regard them as genes, because, if irreplaceable, must 
be inherited by duphcation during the process of cell division I must confess to 
a considerable curiosity concemmg the results of future comparative studies of 
an adequate and representative vanety of bactenophage species Tbe ohsem- 
tions with vaccmia virus and E coh which I have mentioned, would seem to 


support the hypothesis that the larger mammalian viruses have devolved from 
bactena which, acqumng an mtracellular habit of growth, have later become ob- 
hgatory parasites I find ;ust as much difficulty m the ertenaon of tins hypothe- 
sis to account for the smallest viruses as I find m accepting the alternative 


hypothesis which postulates that the larger viruses have evolved from the smallest 
Radiation studies on bactenophage have been Imuted to a few spemes In view 
of the great diversity of phages it is desirable that such studies should he ex- 


tended 


PHAGE ANTIGEN AND ANTIBOnY 

Bactenophage is antigemc and the most important effect of specific antibody 
upon it IS mactivation This inactivation would appear to resemble the neutra^ 
iisatiou of many mammahan viruses by immune serum As 
Elford (7) first ^owed with bactenophage, virus neutralization generally o 
a percentage law This law depends on a dishomogeneity of a virus popu 
as regards susceptibdity to mactivation by serum The percentage 
inactivated m a given time, by a given concentration of serum, ^ giy 

wide range of vmis concentrations Burnet and his , certain 

mvestigated the percentage law not only i ofwbich virus 

mammahan and avian viruses, but if one is to judge by doubt- 

neutralization teste are sometimes reported m the hterature. it wo 
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ful •n'liether the sigmficance and unphcataons of the percentage law are universally 
appreciated If a given virus is neutralized according to the percentage law, the 
neutrahzation test should be designed accordingly It is true that the operation 
of the percentage law may be obscured by the presence of other antibodies, for few 
if any mniriTnahn-n viruses appear to be smgle antigens For example, m order to 
demonstrate the percentage law with vaccmia virus, it is necessary to use purified, 
washed elementary bodies and antiserum which has been exhausted of the 
aggregating IS antibodies by adsorption with killed virus The efficiency of 
neutrahzmg antibody vanes from species to species of virus "Where efficiency is 
high and the virus is disseminated by the blood stream, the antibody plays an 
important role m recovery and establishment of immunity and may, as for 
example m measles, be of prophylactic value "Where efficiency is low and the 
antibody has an inadequate opportimity of attackmg the vmis while it is vulner- 
able m transit to new host cells, humoral immunity can, at most, be only of mmor 
importance 

There are numerous observations on the neutrahzation of bactenophage which 
suggest that further studies of the mechanisms mvolved imght yield information 
of mterest to workers m the field of mammalian viruses The work of Burnet 
(10, 12) has shown that bactenophage particles possess two distmct kmds of 
receptors which he has designated as A and B The neutrahzmg antibody com- 
bmes with the A receptors which may number several hundreds The antibody 
does not combme with the B receptors which are responsible for the specific ad- 
sorption of the bactenophage particles to the surface of the bactenum, although 
they may block some of them as a result of spatial overlappmg 

Tiffanj’’ and Rabeten (55) have shown that adsorption of bactenophage by 
enterococci is prevented if the bactena are exposed to immune serum pnor to 
addition of phage INIore recently Delbruck (23) has pomted out that the inhibi- 
tory effect of antibactenal serum can be utflized for rapid titrations of such sera 
and has suggested that where the effect is highly specific it might be apphed to 
detailed studies of bactenal antigemc structure 

Mammalian viruses growmg withm the host ceU are not accessible to the 
action of immune serum This is true also of bactenophages, the mtracellular 
growth of which is not affected by exposmg the infected bactena to high concen- 
trations of antiphage serum Under certam conditions an antiserum against the 
bactenum may be more efficient m inhibiting phage infection and multiphcation 
than antiserum against the phage One is tempted to speculate regardmg the 
bearing of this observation on certam studies of immumty to marnmnlinn nruses 
which hai e been mterpreted bj^ some as evidence that the immune serum may act 
on the host cell rather than on the imis 

THE BACTERIAL RECEPTORS OF PHAGE 

As I have indicated, the surface of a phage particle is of considerable com- 
plexitj' It seems to be a mosaic of two kmds of specificall 3 ' reactmg molecules 
One IS antigemc and reacts with its homologous antibod\', the other reacts, some- 
vhat like an antibod\', with a correspondmg substance on the surface of the sensi- 
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structure of the bactenum Salmonella, dysentery, cholera and staphylocfceal 

T ''ith a specific surface polysacchande 

me Id, 25, 37, 66) In other instances, specificity may be related to some other 
land of antigen, for example, Vi antigen or R antigen or some umdentified sub- 
st^ce present on the surface of the cell The mhibitmg activity of bacterial 
ex-tracts IS rarely reversible, but Pine (49) has reported release of phage from 
heat-killed Bacillus megaihenum by lysozyme which hydrolyzes a carbohydrate 
in this orgamsm 


Studies of the preferential blockmg of the A or B receptors by phage antiserum 
or phage mhibitmg agent present m extracts of the susceptible bacteria, mdicate 
that the A and B receptors are numerous and spatially contiguous A vanant 
dysentery bacteriophage studied by Burnet and Freeman (12) showed a relative 
msusceptibihty to PJA. , (i e , phage mhibitmg agent from dymentery bacilh), a 
low rate of adsorption by susceptible bacteria, and somewhat mcreased suscepti- 
bility to inactivation by antiserum It may be added that Burnet observed that 
the activity of B receptors can be readily modified by passage of the phage on a 
heterologous strain whde antigemc character remams unaltered It is temptmg 
to speculate on the possibihty that analogous phenomena may occur m the 
variation of some mammahan viruses 


The frequent parallelism between antigenic structure and phage susceptibihty 
has potential apphcations m antigemc analysis Indeed, Levme and Fnsch (46) 
discovered the existence of smpestifer subgroups as a result of speciEc phage 
absorption tests More recently Sievers (53) discovered a new salmonella type 
(K6ln) by phage test, when a bactenum tentatively classified by 0 and H agglu- 
tmation tests as S Breslau was found to be susceptible to a paratyphoid B phage 
which did not lyse other Breslau strains The Eabetens (51) observed that or- 
gamsms of the subtihs group adsorbed and mactivated certam staphylococcal 
phages and that this was correlated with ability to produce mmor agglutmms for 
strams of staphylococci sensitive to the phage 

There is recent evidence that the mechanism of phage adsorption may some- 
times require more than the direct mteraction of complementary groupmp on 
phage and host cell Anderson (2) has observed that the activity of cob phages 
Ti and Te on synthetic medium is greatly enhanced by the addition of ryp 
phane at concentrations as low as 14 Mg per ml. and further 
functions as a specific co-factor m the adsorption of the virus on the host 
Lbiuent obMtions (3) showed that Bz-3-methyl tOTtoph^®. “ ^ 
inhiSr. was almost as eflBcient as tiyptophane m promotmg adsorption 
Ivsis (4) of ultraviolet-irradiated suspensions of E coh „,_nlpnientaiy 

^t iould be emphasized that m “St 

tool m antigemc analysis its use should not be ^^stn ^ pteparations 

lysis of bactenal cultures IfiUed bacterial suspensions or P lA. ptepara 
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should be employed for adsorption or mactivation of the phage under quantita- 
tive conditions "With certain bactenophages such as typhoid Vi phages adsorp- 
tion IS specifically correlated with the presence of antigen but lysis is tjqie or 
strain specific In this instance specific adsorption of the phage by the living 
bactenum does not necessarily result in lysis of the org anism Further, it may 
be noted that Burnet and Lush (14), in a study of staphylococcal bactenophages, 
obsen’'ed that certam phages were readily adsorbed by aureus strains which failed 
to allow multiphcation of the phages m broth 

Parallelism between antigemc structure and phage susceptibdity does not, of 
course, mean that the antigemc determinant groups and the phage adsorbmg or 
inactivating groups are identical They probably never are The specific 
phages of Salmonella lyphosa are adsorbed by bacilh depnved of demonstrable Vi 
antigen by heat Perhaps, when knowledge of the structure of complex antigens 
and non-antigemc substances formed by the bactenal cell is further advanced, 
phage inhibition techmques may prove to be useful analytic tools transcendmg 
serological methods, capable of identifymg molecular patterns other than those 
determining antibody specificity 

THE SEQUELAE OF PHAGE ADSORPTION 

FoUowmg adsorption of the phage to the bactenal host cell, there is a latent 
penod dunng whiA the phage multiphes With the bactenal cell thus doomed 
to destruction, the question of whether the bactenal cell may die immediately or 
survive until lysis occurs, might seem to be of httle importance Andrewes and 
Elford (.6), usmg a very active coh phage of a type inhibited b}’’ citrate, were able 
to demonstrate that on the addition of an excess of phage the organisms were 
withm a few mmutes, perhaps seconds, so afi'ected that they could not propagate 
These authors were unable to demonstrate a sumlar effect with another bacteno- 
phage, and it is probable that this immediate kilhng effect may be a property of 
only a few phages Undoubtedly a considerable surface adsorption of phage is 
reqmred Smce there w as no opportumty for the bactenophage to multiply, it 
must, on absorption, have blocked some vital process We may speculate on the 
possibihtj’’ of some animal viruses and nckettsiae actmg m this w ay 

In 1940, Gildemeister and Haagen (38) discovered what is usually described as 
a toxic substance m the yolk sac of eggs mfpcted with murme typhus nckettsiae 
The specific lethal effect produced m a few hours, when very high concentrations 
of munne or epidemic typhus nckettsiae are mjected mtravenously m the mouse, 
has been employed extensively m tj^phus studies dunng the past war (Bake 
and Jones (50) have shown that viruses of the lymphogranuloma-psittacosis 
group produce a lethal or toxic effect which may be analogous ) The effect is 
clearly a property of himg, infective nckettsiae, which is lost when the organism 
loses its mfectmtj' No soluble toxm can be demonstrated 

Death of the animal occurs too rapidly to be explamed by destruction of sus- 
ceptible cells as a result of extensile multiphcation of nckettsiae withm them 
Mice resistant to infection with strains of the epidemic type die m 1 to 8 hours if 
a sufficiently heai’y dose of mfectii e epidemic nckettsiae is moculated If we 
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THE INTEBFEHBNCB EFFECT 

The immune mechanisms which are operative against bactena are ineffectira 
against an animal Tirus resident withm a susceptible host cell They may even 
be relatively mefficient m preventmg infection of the cell The host cell how 
ever, can acquire resistance to infection m ways which are attractmg mci^g 
attention, because of them importance m virus munumty Invasion of the cell 
^y be blocked if it has been mvaded by a variant producmg latent infecfaon, or 
by some other virus related m some way to the first, or even by adsorption of 
inactivated vmis particles It is hardly necessary to stress that these phenomena 
are of fundamental biological importance Interference has been observed be- 
tween the followmg animal viruses non-encephahtogemc and encephahtogenic 
strams of herpes virus, between Eift Valley fever and pantropic yellow fever 
virus, Virus ill and Shope fibroma virus, between mouse-adapted and monkey 
strains of poliomyelitis virus, between Eastern and Western equme encephalo- 
myehtis virus, and between mfluensa A, influenza B and stvme influenza vmis 
(tnde 44 for references) In the instances which I have mentioned the effect was 
studied m the appropriate laboratoiy animals or embiyonated eggs Andrewes 
(6), using pneumotropic and neurotropic strains of influenza vuus, and Lennette 
and Koprowsla (44) using yellow fever. West Nile, Venezuelan equme encephalo- 
myehtis and influenza A viruses, have studied the mterference effect m tissue 
culture 

Undoubtedly, a direct assault on the problems of mterference between mamma- 
lian viruses will contmue to yield information of theoretical and pracfacal value, 
but the complexities of cellular organization of the mammaba n host and the 
existence of other immuni ty mechanisms create formidable difliculties In order 
to elucidate some of the phenomena which may be mvolved, we must perforce 
utilize the suuplest available materials I do not mean to suggest that observa- 
tions on mterference between bacterial viruses will solve analogous problems with 
mnmmnlinn viruses Or that the facts ehated will have any dmect beanng or 
apphcation thereto, but I feel that most will agree that mvestigation of a sufia^ 
variety of bacteriophages will result m the accumulation of useful basic knowledge 
which will orient and clarify our ideas and provide new suggesbons for expen- 


mental approach , , r 

We may axpect that future developments m the prophylaxis of some v^ 

diseases mil stem from a better understandmg of the mterfer^ effect bcM 
virus variants and mutants, perhaps developments m treatme|^ well, as 

LmtoDS on Btorfernnco boh™, oob 
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quantitative studies by Delbruck (24) show that this hypothesis is inadequate 
Delbruck’s observations indicate the existence of a “mutual exclusion effect,” 
only the first active phage particle which is adsorbed on the ceU membrane bemg 
able to establish itself and multiply mtraceUularly Other phage particles of the 
same or another species subsequently adsorbed do not multiply Delbruck 
postulates a change m permeabdity of the cell membrane which is suddenly 
established after the first virus particle has penetrated the ceU He found that 
m mixed infections of bactenal populations, the average yield of virus from a 
bacterium is very much less than m mmuxed infections This depressor effect 
of a second virus, adsorbed presumably on the ceU membrane, is diGBcult to 
explam It is diminished if antaphage serum is added after the virus has been 
adsorbed by the bactenum Low concentrations of antibacterial serum may also 
dimmish the depressor action although they do not prevent adsorption of the 
second virus 

BACTERIOPHAGE AS AN AGENT FOR THE CLASSIFICATION AND TYPING OF BACTERIA 

Many endeavors have been made, with varymg success, to use bactenophage 
as an aid m the classification of closely related groups or species of bacteria, or for 
the differentiation of strains of a given species The hterature on the subject is 
extensive and I shaU sketch only the mere outhne Undoubtedly the uses of 
bactenophage for species and stram identification wdl be extended as smtable 
species of phage and appropnate techmques are discovered and mdependent and 
concomitant vanations of phage and host ceU, relevant to the problem, have been 
elucidated 

Conn, Bottcher and BandaU (16) have reported that bactenophage is of value 
m classifymg closely related types of soil bactena It may be noted that phages 
for root nodule bactena seem to be fairly common, and that although it has been 
suggested that such phages can directly cause legume crop failure, this is doubtful 
The influence of phage on competition between bactenal strains would seem to 
require further study 

Usk (33) mvestigated the lysogemcity of strains of Staphylococcus aureus re- 
covered from vanous human lesions Nmeteen out of forty-three coagulase- 
positive strains were found to be phage earners, none of these phages was l 3 dic for 
any of the forty coagulase-negative strains tested None of the coagulase- 
negative strains yielded a phage lytic for any of the coagulase-positive strains 
Lisk (34) and Fisk and Mordvm (35) showed that the phages recovered could be 
apphed to identification of particular strains of Staphylococcus aureus 

Wilson and Atkinson (57) developed a techmque of phage typmg and extended 
Fisk’s work. They defined twenty-one types The number of types and the 
comparative ranty of most of them, mdicates the possible epidemiological apph- 
cations of the method Indeed, m four mvestigations of staphylococcal food 
poisonmg and pemphigus, phage typmg was successfully used to trace the source 
of infection 

Keogh, S imm ons and Anderson (42) have shown that susceptibihty to phage 
can be used as an auxiliary method m classifymg strains of Corynebadenum 
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dxphthenae They found that gravis tvne I strainq v ^ , 

gravis type II and intermediate strains Comment on the no^^L-^h "f 

my play a role m tte spontaneous or mduced transformations of diph£S 
bacillus seems superfluous mpamena 

streptococcal phages is pertinent here and 
deserves more than this brief reference 

^tenc phage typmg (21 18, 31) depends, not on the use of a vanety of phages, 
b t on fleeted mutants of one serological species of specific Vi phage (17) 
Fehx and Callow (32) have extended the pnnciple to the typmg of Salmonella 
Vaml^hi 5 and iS oeHrycke Twenty-four types and subtypes of S iyphosa 
which are epidemiologically stable are now known and it is possible to type at 
least 95 per cent of Vi strains lime, mercifully perhaps, does not permit an 
account of the development of the method. I might, however, mention that 
when Yen and I had diflferentiated four species of Vi phage (20) it was my mten 
tion to attempt to use them m a study of Vi antigen development Phages of 
types I, ni and IV behaved m a reasonable and consistent way but different 
preparations of type 11 phage gave discordant results when tested on different 
strains When it became evident that the stram used for propagation of this 
phage conditioned its behavior the question of stabihty of such stram differences 
arose Therefore we sought to supplement our laboratory observations with 
epidemiological data I doubt if we would have evolved enteric phage typmg if 
our pnmaiy mterest had not been an academic one 


PHAGE MUTATIONS 


Biologically, the most significant feature of bactenophage is not that it repro- 
duces as a hvmg thmg, but that it exhibits discontmuous changes m host afilmty 
that merit the term mutation Phage mutations have been desenbed by Sertic 
(62), Burnet and Lush (15), Gratia (39), and Luna (46) m which the phage 
extends its host range by acquinng a capacity to lyse bacterial variants resistant 
to the parent phage The vanataon pattern of type II Vi phage is much more 
complex The range of vanants used m typmg are type specific When the 
phage IS transferred from one a type of S Iyphosa to another it loseS its aflBmty for 
the precedmg type (19) Differential titrations of such phage preparations 
strongly suggest that as the phage multiphes the various mutants arise at con- 
stant but different rates, rangmg from 10^ to 10“' The mutation rate for tyire 
E IS approximately 10“® Therefore if one desires to obtam phage for type E 
from phage for type F or phage for any other type, it is necessary to start with a 
volume and concentration of heterologous phage contammg more than 10 phage 
particles, m order to have at least one phage particle capable of ° 

cells of type E The mutants of type U Ti phage which are 
typmg of strains of S Ivphosa have been hmit^ to those whic m ra 
Sd epidemiologicaUy significant differences The acceptance of 
S iyphosa has been based on epidemiological 

tory studies on type stabihty m early part of 1940 

my ongmal phage preparations made m 1938, 1939 and tne ear y p 
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These remain unchanged except for a shght drop m titre m some instances which 
represents a loss m actmty not greater than 50 per cent The results show not 
only the satisfactorj’- stabihtj’’ of phage t 3 T)mg preparations but also a stabihty of 
the reference type strains of 5 iyphosa mamtamed for the past six to eight j’^ears 
on inspissated egg medium I wish to emphasize the type stabihty of strains of 
S iyphosa, the stabihty of the phage preparations, and the clear-cut results 
which may be obtamed because of "what I am now gomg to say about other 
mutations of type II phage and the ‘\'l form of S iyphosa 
Type n Yi phage shows an mdependent pattern of vanation m regard to the 
size of plaques which it produces The majonty of preparations of type 11 phage 
employed m typmg produce clearmgs about 0 5 to 0 75 mm m diameter Plat- 
mgs reveal a percentage of distmctly smaller plaques Small plaques which do 
not owe then- smaller size to late development breed true It has proved difficult 
to recover the normal-plaque vanant from a selected smaU-plaque substram 
Platmgs of the smaU-plaque vanant usuall}’' show a few min ute plaques barely 
discernible with the naked ej^e The mmute-plaque vanant also breeds true 
This mutation, which is expressed by a defimte and consistent difference m mean 
plaque diameter, is mdependent of that mutation m host cell affimty which is the 
basis of the differentiation of strains of S iyphosa by phage typmg For 
example, small- and mmute-plaque vanants of type 11 Vi phage selected and 
propagated on type E (classical stram “Tys”) retam their selective affimty for 
this tj^ie These two mdependent mutations of type II IT phage do not, how- 
ever, exhaust the potential mutation range of this phage 
Strains and clones of jS Iyphosa vary greatly m their dissociation rates The 
most obvious dissociation is that which mvolves the appearance of the non-Vi 
form or the W form of Kauffmann Other variations occur withm the range of 
Vi forms Some vanants merely differ m the duration of the Vi phase, the 
termination of the Vi phase bemg correlated with the attainment of a cntical 
population density m a given medium Some differ m colony texture Other 
erences are revealed when type II Vi phage is propagated on AT vanants 
stemmmg from a dissociatmg stram, these may or may not be correlated with the 
ot er differences I have mentioned Such changes m AT strains are promoted 
un er certam conditions of culture Alkalme dnft, which may be pronounced on 
certam kmds of nutnent agar, particularly when much NaOH has been used for 
neutralization, appears to be a factor m the appearance and selection of AT van- 
^ w ch, if used as substrate strains, modify the affimties of tjqie H AT phage 
p mmary study of medium requirements mdicates that selected, specific 
p age preparations are sensitive mdicators of the influence of morgamc salts, 
J ogen ion concentration and variations m nutriment on rapidly growmg 
nf iyphosa Specific bactenophages which mightbe neglect^ because 

+n K ^ f obtammg sufficient and sustamed Ij’sis ma 3 ’' therefore prove 

^ ^ juncts to metabohc studies of the host cell The difficulties which 
vimt ^ ^-^Tect to arise m the practice of phage typmg, because of such AT 
flip e readily avoided or circumvented Although such changes m 

ge an m e host cell are to be avoided m enteric typmg, they may pro- 
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^n to thjs statement which almost seems m danger of becommg^ogma 

f ° employed m typing am as readily adsorbed 

y phag^resistot Yi types of S typhosa as by the sensitive type which is lysed 
^ IS true not only of naturally occurrmg untypable Vi strains, but also of, 
straiM rendered resistant by the introduction of the ciyptic gamma phage of the 
Croydon ty^, to which I shall refer later There is no known difference in the 
Vi antigens formed by the vanous phage types of S iyphosa We may conclude, 
tterefore, that all mutants of type 11 Vi phage must have, m the terminology of 
Burnet, “the same B receptors ” It is obvious that the lytic specificity of the 
mutants of type II Vi phage depends not on specificity of adsorption but on some 
specific factor m the host cell which determines penetration and multiphcation of 
the bactenophage 

BIOCHEMICAL STUDIES WI T H PHAGE 

A number of recent reports suggest the possible usefulness of bactenophage 
m studies of bactenal metabohsm, provided that certain difiScuIties can be over- 
come Spmzen (64) found that colon baalh suspended m low concentrations of 
glycme did not multiply but supported phage multiphcation A^’anous com- 
pounds known to be mvolved m cellular metabohsm enhanced phage multiphca- 
taon, while metabohc inhibitors prevented multiphcation Fitzgerald and Lea 
(36) have reported that a stram of E coh, m acqumng resistances to phosphine 
GRN became very resistant to a phage lysmg the parent strain When nbose- 
nucleic acid was provided this stram became fully sensitive, although naturally 
occumng phage-resistant mutants remained resistant 
Another approach is provided by phage-resistant mutants, obtained by 
elumnatmg the sensitive parent form by means of pbage Anderson (1) studied 
mutants of E coh obtained m this way and found that 28 out of 57 mutants 
ansmg by mdependent mutations were unable to grow on a synthetic medium 
They grew abundantly when nutrient broth or mmute amounts of yeast ex- 
tract was added, but S 3 rstematic tests with ammo acids and vitamins failed to 
yield an active combination 

There has been, naturaUy enough, a tendency to choose for mvestigation 
vigorous phages which wiU lyse the host cell under a wide range of environment^ 
conditions More attention might be paid to species of phage which are aj 
parentiy weak and capncious, for some might be f 

optimal nutritional and environmental requiremente of ^ 

b^tena differing m virulence and abihty to produ« ^P^^ant 

miy bactenologists, thought occasionally of the 

lU-nou^ed and ailmg victims, strugghng for survival m cesspools 

metabohc products 
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Conditions whicli would seem to provide an appropriate environment for 
colon baciUi are degradmg, m more than one sense of the word, for a proud 
pathogen like the typhoid bacillus 

LATENT PHAGES IN S TTPHOSA 

Some strains of S typhosa are demonstrably lysogemc when the usual techm- 
ques are used I mention this kind of 15'sogemc stram merely for the purpose of 
differentiatmg it from another kind of stram that carries a most elusive and m- 
terestmg phage m a latent state It is estimated that about 10 per cent of strains 
of S typhosa may carry this agent I have provisionally termed such strains 
“g amma strains” (19) Tests on sensitive strains reveal that cultures of gamma 
strains containmg 1,000,000 organisms per milhhter, rarely contam more than 
1,000 lytic phage particles Cultures of greater density contam none and the 
free agent is presumably re-adsorbed Filtration losses are so serious that it is 
necessary to depend on centrifugation and heatmg of the supernatant at 60° for 
ehmmation of viable bacteria These gamma phages are somewhat difficult to 
isolate and difficult to mamtam m a state of lytic activity I am mchned to 
suspect that the lytic agent obtamed from “gamma strains” of S typhosa 
does not represent the agent as it occurs naturally m its latent or cryptic state, 
but that it IS a mutant One is very apt to lose this bactenophage m imtial 
pa^ges Rather, I should say, one appears to lose this phage, because the 
evidence suggests that it does not die out, but merely returns to its former state 
0 association with the bacterial cell, becoming latent This latency is accom- 
pamed by demonstrable changes m the host cell All type Di strains which I 
^armned cany this gamma agent, even strains isolated from the blood 
ype 1 was first encountered m the Croydon epidemic of 1937 and has smce 
een encountered frequently m Quebec and elsewhere The gamma agent of 
1 can isola^d as a small-plaque-producmg bactenophage on type A or type 
^ these types If the forms of type A or type E are 

icniaH^ an excess of gamma phage, and then plated for colony 

aro n o-trT^V ^ j obtamed The organisms are resistant to 0 serum, and 

v; T- 1-^ pnre serum, but phage tests show that they are resistant 

Jieciiicany IjKd the parent culture Colomes yicldmg or- 
one or thn nfh ^^s^stant to phage for the ongmal type may represent 

prenaratirm-? ^ bemg either completely resistant to aU 

the time from sensitive only to phage specific for type Di, 

stil o S was obtled The^i 1” 

tenzed bv tha ®scnb^ by Bhatnagar, Speechly and Smgh (19) is charac- 

hke other culti^^'^ndds f l 

that when thp tmmTv. ’ ^ x phage I have, on several occasions, found 

but also lachug H and O not only type D,, 

agent show a remart-nW ^ Strains infected artificially with gamma 

g amma agent mav bp rp^ ^ repeated subculture, yet at any tune, the 

gamma agent may be recovered from them and demonstrated m the way I have 
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bnefly descnbed ^ far as I know, the gamma agents of S Ij/phosa are specific 
or this species Although a hnuted type conversion can be achieved under 
laboratory conditions, there is no epidemiological evidence that such a chanee 
can occur mth any sigmficant frequency m the spread of typhoid I regret that 
I am not m a position to throw further hght on this phenomenon I have men- 
tioned it for two reasons, first, because it provides an interestmg example, a 
rather speeial example, of the mterference effect Perhaps we may draw some 
encouragement from the fact that the typhoid bacillus can be vaccinated against 
a virus disease My second reason for refemng to this effect is its possible un 
phcations m connection with the antigemc analysis of the salmonella group It 
has long been recogmzed that many salmonella strains are lysogemc Some 
are frankly so, others contam neak phages hke the gamma phage of 5 lyphosa 
If the latter can promote serological vanation, either directly by infectmg and 
modifying the bactenal cell, or mdirectly by elumnatmg the serologically normal 
type of bactenal cell and thus permittmg emergence of a vanant, salmonella 
phages must be studied systematically in relation to salmonella vanation 
I have endeavored, m a discursive manner, to mdicate some of the ways m 
which bactenophage may be usefully employed, either as an aid m bactenological 
research or as matenal for the study of certam virus problems It may be noted 
that I have avoided several topics I have not attempted to discuss hypotheses 
of phage or virus multiplication, I have reframed from qieculation regarding 
their ongin I have avoided reference to nucleoprotems, transformation of 
pneumococcal types, and current concepts of the gene Most of us probably feel 
that what is known about these vanous subjects represents, so to speak, isolated 
Jig-saw puzzle pieces belongmg to the same picture When the missmg mterven- 
ing pieces are found and assembled in place, a map of new temtoiy will be re- 
vealed The bactenologist and virologist iviU cultivate this new land, applying 
its resources to human welfare and progress, while the biologist will explore its 
frontiers in quest of those vital phenomena which, m the words of Claude er- 
nard, construct “each bemg accordmg to a pre-existmg plan’ 
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, tee also names of individual species 
Offnt, Bactllut, see Closlndium welchti 
P-Alamne, growth promoting activity of 
Koser, S A and Saunders, F , 
1938, 2, 144, Peterson, W H , and 
Peterson, M S , 1945, 9, 49-109 
American pubbcations in bacteriology 
Mcaung, L S , 1944, 8, 119-160 
Ammo acids, enzymes concerned in 
utibzation of Gale, E F , 1940, 
4, 135-176 

■ I relation to action of sulfonamides 
Henry, R J ^ i943_ 7, 214-216 
P-Anunobenzoic acid, growth-promoting 
activity of Peterson, W H , 
and Peterson, M S, 1946, 9, 
49-109 

, relabon to action of sulfonamides, 
Henry, R 1943^ 7, 200-213 
•^Daerobic bacteria, non-sporeforming 
Hack, G M , 1940, 4, 227-259 
serology of McCoy, E , and 
^ McClung, L S, 1938, 2, 47-97 
™®aimilation (fermentation), mechan- 
ism of Werkman, C H , 1939, 
3, 201-209 


anacrobius, sec Slreptococcus 
anginosvs, sec Streptococcus 
Angiococcus, inclusion in Myvococ- 
caceae Stamer, R Y , 1942, 
6 , 188 

Antagomsm, mechamsm of imcrobial 
Waksman, S A , 1941, 6, 240-241 
— , microbial Waksman, S A , 1941, 
6 , 231-291 

Antibiotic substances, nucrobial 
Waksman, S A , 1941, 6, 231-291 
Antigen, bactenophage Craigie, J , 
1946, 10, 76 

— , Vi AJmon, L , 1943, 7, 43-56 
— , Wassennann Well, A J , 1941, 
6 , 293-330 

Antigen-antibody compounds, molecular 
formulas of Heidelberger, M , 
1939, S, 70-75 

— — reactions, quantitative methods 
m study of Heidelberger, M , 
1939, 3, 49-95 

Antigemc structure, of Corynebacterrum 
dxphthenae McLeod, J W , 1943, 
7, 12-13 

of Shigella Neter, E , 1942, 6, 


1-36 

of typhoid bacillus Almon, L , 

1943, 7, 43-56 

of vaccima virus Smadel, H , and 

Hoagland, C L , 1942, 6, 100-105 
of Vibrio Linton, R W , 1940, 


4, 261-319 

ititoxins, mtemational standardiza- 
tion of clostndial McCoy, E , 
and McClung, L S , 1939, 2, 49 

lulomyces, genus of Anulomycetaceae 

Sabin, A B , 1941, 6, 334 

lulomycetales, order of Paramycetes 

Sabm, A B , 1941, 6, 334 
rpergiUus, growth accessory factors for 
Koser, S A , and Saunders, F , 
1939, 2, 127 

^oromyces, genus of Torulopsidoideae 

Hennci, A T , 1941, B. 144 

;says, hEcrobiological, 

factors Peterson, W H , an 
Peterson, hi S , 1945, 9, 81-86 

.terococcus, genus of Anulomycetaceae 
Sabin, A B , 1941, 6, 334 
Jnorhodaceae, study and 

of van Niel, C B , 1944, 8, l-HS 
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Atoxic strains of clostndia McCoy, E , 
and McClung, L S , 1938,’ 3.’ 
G2-C3 

Asolobaclcr, groivth accessory factors 
for Kosor, S A , and Saunders, 
F , 1938, 2, 120-121 

B 

Bactllut agm, see Clostridium wclchu 
— hclloncnsts, relationship to Cioslnaium 
ocdcmaticns McCoy, E , and Mc- 
Clung, L S , 1938, 2 , 00-01 

— homhycis Stcinlmus, E A , 1940, 

10, 67-68 

— capitovalis, agglutination of Mc- 

Coy, E , and McClung, L S , 
1038, 2, 72 

— ccnlrosporogcncs, agglutination of 

McCoy, E , and McClung, L S 
1938, 2, 71 

— fusiformts Back, G M , 1940, 4, 

246-248 

— gigas, relation to Clostridium oede- 


popilliae Steinhaus, E A 1946 
10, 68 ’ ’ 
Orpheus Steinhaus, E A 1946 
10, 69 

— ramosus Back, G M, 1940, 4 , 
251-263 

sordcUt, see Clostridium oedematoides 
Bacteria, anaerobic, serology of Me 
Coy, E , and McClung, L S , 
1938, 2, 47-97 

— I purple and brown, see Atbiorhodaceae 
— , significance m rumen of bovine 
Hastings, E 0 , 1944, 8, 235-254 
Baotenophage, action on streptococci 
Sherman, J M , 1937, 1, 14 

— , strains of C diphthenae Sun 

mons. It T , and Anderson, Q , 
and McLeod, J IF , 1943, 7, 263 
— , agent for classification and typmg of 
bactena, Craigie, J , 1946, 10, 76 
— antigen and antibody Craigie, J , 
1946, 10, 76 

— , bacterial receptors of Craigie, J , 


maticns McCoy, E , and Mo- 
Clung, L S , 1938, 2, 00-01 

— hemolyticus, relation to Clostridium 

oedematoides McCoy, E , and 
McClung, L S , 1938, 2, 62 

— tnnulrtlus, agglutination of McCoy, 

E , and McClung, L B , 1938, 
2, 72 

— larvae Steinhaus, E A , 1940, 

10, 68 

— laterosporus Steinhaus, E A , 1946, 

10, 59 

— lentimorbus Steinhaus, E A , 1946 , 

10,68 

— ncbulosus Back, G M , 1940, 4, 

250 

— oedamalts maltgnt, see Clostridium 

scpticum 

— of osteomyelitis bacillosa bubalorum, 

relationship to Clostridium oede- 
maliens McCoy, E , and Mo- 
Clung, L S , 1938, 2, 61 
— , orientation of genus with respect to 
insect pathogens Steinhaus, E 
A , 1946, 10, 51 

— otuioncu*, see Clostridium welchii 

— paludis, sec Clostridium welchii 

— paraputnficus, agglutination of Mc- 

Coy, E , and McClung, L S , 
1938’ 2, 71 


1946, 10, 77 

— , biochemical studies with Craigie, 
J , 1946, 10, 84 

— interference effect Craigie, J , 1946, 

10, 79 

— mutations of Craigie, J , 1946, 

— particle Craigie, J , 1946, 10, 76 

— properties shared with plant and 

animal viruses Craigie, J , 1946, 

iO’ ^6 , - 

— , sequelae of adsorption of Graigie, 
J , 1946, 10, 79 

_ significance and appheabons m 
virus research Craigie, J , 1916. 


10,73-89 

Actenophages, latent in 5 typ 
Craigie, J , 1946, 10, 85 

acterium melanirwgmicum HacK, w 
M, 1940, 4, 248-^ 

TV..I a M. 


4,236 

— pnsumosintes 

4, 250-251 

Bacteroides fragihs 
4,233-235 

— funduliformts 


Back, G M, 1940, 
Back, G M , 1940, 
Back, G M, 1910. 


^ -r. I r U, 1910. 4 , 
— furcosus Back, G 

243-245 
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— mcdicnl importance of Dnck, G 

M , 1940, 4, 227-259 

— serpens Dack, G M , 1940, 4, 

253-254 

Bargen streptococcus Sherman, J M , 
1937,1,57 

Bartonella bacilhformis, relation to nc- 
kettsiao Pinkerton, H , 1942, 
6,42 

bellonensis, sec Bacillus 
Bergoy’s Manual (Cth cd ), outline 
classification used in Breed, R 
S , Murray, E G D , and Hit- 
chens, A P , 1944, 8, 255-260 
Betaine, growth promoting activity of 
Peterson, W H , and Peterson, 
M 8,1945,9,49-109 
Bile, tolerance of streptococci for 
Sherman, J M , 1937, 1, 9 
Biotin, growth-promoting activity of 
Koscr, S A , and Saunders, F , 
1938, 2, 145, Peterson, W H , and 
Peterson, M S , 1945, 9, 49-109 
— , presence in vaccinia virus Smadol, 
J E , and Hoagland, C L , 1942, 
6, 98-99 

Blood agar, use in identification of 
streptococci Sherman, J M , 
1937,1,5 

Borrelomycotaccao, relation to Schizo- 
phyta Breed, R S , Murray, 
E G D , and Hitchens, A P , 
1944, 8, 255-260 
bolultnum, see Clostridium 
Bommyccs, genus of Parasitaceao Sa- 
bin, A B ,1941,6,57 
Bo\nno plcuropncumoma, properties of 
etiological agent Sabin, A B , 
1941, 6, 13-18 
bon*, see Streptococcus 
^rcttanomyccs, importance of Hennci, 
at, 1941, 6, 153 

Brown bacteria, study of and classi- 
fication van Niel, C B , 1944, 
8, 1-118 

Brucella, growrth accessory factors for 
Koscr, S A , and Saunders, F , 
1938, 2, 112-113, Peterson, W H , 
and Peterson, M S , 1945, 9, 49- 
109 

brucellosis, immunitj in Huddlcson, 
1 F , 1942, 6, 111-142 


Butter, bactonal growth in Hammer, 
B W , and Long, H F , 1941, 
6, 337-374 

Butyl alcohol bactona, growth accessory 
factors for Kosor, S A , and 
Saunders, F , 1938, 2, 119-120, 
Peterson, W H , and Peterson, 
M S , 1945, 9, 49-109 
Butyrolactono, growth-promoting activ- 
ity of Peterson, W H , and 
Peterson, M S , 1940, 9, 49-109 

C 

Canomyces, genus of Anulomycetaceao 
Sabin, A B ,1941,6,334 

— genus of Parasitaceao Sabin, A B , 

1941, 6, 67 

capitovalis, sec Bacillus 
Capromyccs, genus of Parasitaceao Sa- 
bin, A B , 1941, 6, 57 
Carbohydrate, dissimilation by bacteria 
Workman, C H , 1939, 3, 187-227 
carnts, see Clostridium 
Caulobactenineac, sub-order of Eu- 
bactenalcs Breed, R S , Mur- 
ray, E G D , and Hitchens, A 
P , 1944, 8, 257 

Cell division, bactonal Lewis, I M , 
1941, 6, 213-214 

— — , — , inhibition by sulfonamides 

Henry, R J, 1943, 7, 240-249 

— inclusions, bactonal Lewis, I M , 

1941, 6, 182-192 

— membrane, bactonal Lowns, I M , 

1941, 6, 214-217 

— morphology, of Corynebacterium diph- 

thcriae Morton, H E , 1940, 
4, 205-214 

Cellulose decomposition, by Cytophaga 
group Stanicr, R Y , 1942, 6, 
143-196 

centrosporogenes, see Bacillus 
chauvoei, see Clostridium 
Chlamydobactcnalcs, outline classifi- 
cation of Breed, R S , Murray, 
E G D , and Hitchens, A P , 
1944, 8, 257 

Choline, grow th promoting actmty of 
Peterson, W H , and Peterson, 
M S , 1945, 9, 49-109 
Chondrococcus, inclusion in Myvococ- 
caccae Stanicr, R Y , 1942, 
6, 188 
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ChromoeonesiB, of Con/nebaclmum dtpk- 
ihenae Morton, H E 1940 
4 , 201-202 ' 

CUrohaclcr, relation to other cobfonn 
bacteria Parr, L W , 1939,3. 8 
Uaefflfication, Bcrologie, of staphy- 
lococci Blmr, J E, 1939. 3. 
125-128 

— of coliform bactona Parr, L W 

1039, 3, 133-135 

— system for bactona Breed, R S , 

Murray, E G D , and Hitchens, 
A P , 1944, 8, 255-260 
Closlndtum aeeioiuiyltcum, agglutin- 
ation of McCoy, E , and Mc- 
Clung, L 8 , 1938, 2, 72-73 

— h/ermentan», agglutination of Mo- 

Coy, E , and McCIung, L S , 
1938, 2, 71 

— botuUnum, agglutination of McCoy, 

E , and McCIung, L S , 1938, 

2, GS-69 

, tojon production by McCoy, E , 

and McCIung, L 8 , 1938, 2, 


oedemalotdes, tonn production by 
MoCoy, E , and McCIung, I S 
1938, 2. 50-52 

—parabotuhnum, agglutmation of Mo 
Coy , E , and McCIung, L S 
1938, 2, 68-69 

, toxm production by McCoy, E , 

and McCIung, L S, 1938,’ i. 
52-53 


PtTSnngtns, set Chstndium welcbti 

— Toseum, agglutination of McCoy, 

E, and McCIung, L 8, 1938, 
2,72-73 

— seplteum, agglutination of McCoy, 

E , and McCIung, L 8 , 1938, 2, 
66-67 


, tonn production by McCoy, E , 

and McCIung, L 8 , 1938, 2, 60 

— sordeUt, agglutination of McCoy, 

E , and McCIung, L 8 , 1933, 

2, n 

— spoTogenes, agglutination of McCoy, 

E , and McCIung, L 8 , 1938, 
2,70-71 


52-53 

— camts, agglutination of MoCoy, E , 

and MoClung, L 8 , 1938, 2, 72 

— chauvoct, agglutination of MoCoy, 

E , and McCIung, L 8 , 1938, 2, 
68 

, toxin production by McCoy, B , 

and MoClung, L 8 , 1938, 2, 61-62 
—/alfox, agglutmation of McCoy, E , 
and McCIung, L 8 , 1938, 2, 72 
—felssncutn, agglutination of McCoy, 
E , and McCIung, L 8 , 1938, 
2, 72-78 

— , growth accessory factors for Koser, 

8 A , and 8aundera, F , 1938, 
2, 110-117 

— httiolyitatm, agglutination of Mo- 

Coy, E, ahd McCIung, L 8, 
1938, 2, 71 

toxin production by MoCoy, E, 

and MoClung, L S , 1938, 2, 50 

nocvti relationship to Closlndtum 

oedemaltm MoCoy, E , and Mew 
Clung, L 8 , 1938, 2, 60-61 

— oedetnaliens, toxm production by 

McCoy, E , and McCIung, L S , 
1938,2,60-61 ^ „ 

— otdcmalts sporogenes, see Closlndtum 

oedemalotdes 


— ieiam, agglutination of McCoy, B , 
and McCIung, L 6 , 1938, 2, 
65-66 

, toxm production by McCoy, E , 

and MoClung, L 8 , 19^, 2, 
49^60 

— (hermosaccharolyltcum, agglutination 

of MoCoy, E, and MoClung, 
L S , 1938, 2, 73 

— welchtt, agglutination of McCoy, 

B , and McOnng, L S , 1938, 
2, 69-70 

, toxm production by McCoy, 

E , and MoClung, L 8 , 1938, 
2,64-69 

Coagulase, production by staphylococci 
Blair, J E , 1939, 3, 112-114 
Cocarboxylase, see thiamine 
Cocci, anaerobic Back, G M , 1940, 
4,236-233 

Coccidiascut, genua of Endomycetacese 
Hennci, A T , 1941, 5, 137 
Coenzyme I, see mcotimc acid and 
related compounds 

Cobfonn bacteria, Parr, L W, 1939. 

3 1-48 

, Atypical Parr, L , I®39, 8, 

26-28 
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, development of the classification 

and charactenzation Parr, L 
TV , 1939, 3, 4-13 

, occurrence and significance Parr, 

L W , 1939, 3, 13-26 

, serology of Parr, L W , 1939, 

3, 31-33 

, variation Parr, L TV , 1939, 

3, 28-31 

Colony form, of Corynchaclenum diph- 
ihenae Morton, H E , 1940, 
4, 178-1S9 

Complement fixation reaction, appli- 
cation to anaerobic species Mc- 
Coy, E , and McClung, L S , 
1938, 2, 74 

Corynebactenum dtphihenae, antigenic 
groups vntbin types McLeod, 
J TV , 1943, 7, 12-13 

, earners of McLeod, J TV , 

1943, 7, 23-25 

, geographical distnbution of 

types McLeod, J TV , 1943, 
7, 18-19 

, growth accessory factors for 

Eoser, S A , and Saunders, F , 
1938, 2, 109-111, Peterson, TV H , 
and Peterson, M S , 1946, 9, 49- 
109 

J nutrition of Mueller, J H , 
1940, 4, 97-134 

■ I Btabibty of types in animal body 
McLeod, J TV , 1943, 7, 1-41 
' > types of McLeod, J TV , 1943, 

7, 1-41 

, variation of Morton, H E , 
1940, 4, 177-226 
cremons, see Streptococcus 
Culture cycle, bacterial, early phases 
TVinslow, C -E A , and TValker, 
H H , 1938, 3, 147-186 
Cytology of bactena Lewis, I M , 
1941, 6, 181-230 

of yeasts Lindegren, C C , 1945, 
9> 136-143, Hennci, A T , 1941, 
G, 105-111 

Cytophaga group, growth, character- 
ization and classification Stan- 
^ ler, R Y , 1942, 6, 143-196 
• 1-ey to species, Stanier, R Y , 142, 
6, 191 

flytophagaceae, inclusion in Myxobac- 


tenae Stamer, R Y , 1942, 6, 
187 

D 

Deamination, of ammo acids Gale, 
E F , 1940, 4, 138-154 
Death of microSrgamsms by desiccation, 
Rabn, 0 , 1945, 9, 1-47 

by irradiation Rabn, O , 

1945, 9, 8-14 

by low temperature Rabn, 0 , 

1945, 9, 21-24 

by mechanical causes Rabn, 

O , 1945, 9, 2-8 

by moist heat Rabn, O , 1945, 

9,24-30 

by surface tension depression, 

Rabn, 0 , 1945, 9, 36-41 
Debaryomyces, genus of Endomy- 
cetaceae Hennci, A T , 1941, 
6, 138 

Decarboxylation of ammo acids Gale, 
E F , 1940, 4, 138-164 
Dehydrogenase production by bactena 
TVerkman, C H , 1939, 3, 197-198 
Dermacentroxenus rtcleilst Pinkerton, 
H , 1942, 6, 58-66 

Desiccation, death of imcroorganisms 
by Rabn, O, 1945, 9, 14-21 
Desoxynbonucleic acid, action as type 
transfonnmg agent for pneu- 
mococci McCarty, M , 1946, 10, 
64-68 

Dipbtbena bacillus, see Corynebacienum 
dtphihenae 

— , relation of vanous types of Coryne- 
bacienum dtphihenae Mcleod, 
J TV , 1943, 7, 1^ 

Diplococcus pneumontae, transformation 
of types McCarty, M , 1946, 
10, 63-71 

Disinfection, factors affectmg rate of 
Rabn, O , 1945, 9, 1-47 
Dissimilation of carbohydrates, aerobic 
and anaerobic TVerkman, C H , 
1939,3.201-208 
Dissociation, see vanation 
Distemper, camne Sabm, A B 1941, 
6, 18-20 

Dormancy m yeasts Lmdegren, C C , 
1945, 9, 145-152 

Drug-fastness Henry , B J > 1943, 

7, 193-196 
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rfuran*, see Slreplococcus 
Dysentery bacilli growth accessoiy, 
factors for Kosor, S A , and 
Saunders, P, 1938, 2, 111-112, 
Peterson, W H , and Peterson, 
M S , 1045, 9, 49-109 

E 


— , relation to colifonn group Parr, 
L W , 1939, 3, 1-18 
Esculin, hydrolysis by streptococci 
Sherman, J M , 1937, 1, 10 
Eubactenales, outline classification of 
Breed, R S , Murray, E G D , 
and Hitchens, A P , 1944, 8, 
255-260 


Elementary bodies of vaccima Smadel, 
J E , and Hoagland, C L , 1942, 
6,79-110 

Embden Meyerhof-Pamas theory of fer- 
mentation mechanism Work- 
man, C H , 1939, 3, 202-207 
Enterococci, characters of Sherman, 
J M , 1937, 1, 17-18 
— , species of Sherman, J M , 1937, 
1,09 

Endomyces, genus of Endomycetaceae 
Honnci, A T , 1941, 6, 137 
Endomycetaceae, key to subfamilies, 
tnbes and genera Honnci, A 
T , 1941, 6, 135-139 

Endomycopsis, genua of Endomyce- 
taceae Hennci, A T , 1941, 


Eubactenineae, suborder of Eubac 
tenales Breed, R S , Murray, 
E G D , and Hitchens, A P , 
1944, 8, 257 

Exotonn, production by staphylococci 
Blair, J E , 1939, 3, 97-110 

F 

faeealu, see Slreplococcus 
fallax, see Closlndium 
Fats, action of microfirgamsms on 
Jensen, L B , 1944 , 8, 169-170 
felstneum, s ee Closlndium 
Fermentation, mechanism of Work 
man, C H , 1939, 3, 201-209 
— reactions of Corynebaelenum diph~ 
thenae Morton, H E , 1940, 


6, 137 

Entcrotoxin production by staphy- 
lococci Blnir, J E , 1939, 3, 
116-121 

Enryme, variations due to chemical fac- 
tors in growth medio Gale, E 
F , 1943, 7, 146-153 

_ — — orgomsm Gale, E F , 

1943, 7, 159-105 

__ — physical factors dunng 

grondh Gale, E F , 1943, 7, 
163-159 

Enrymes, adaptive and constituUve 
Gale, E F , 1943, 7, 141 

— , adaptive, production by bactena 
Dubos, R J I 1940, 4, 1-16 

— factors influencing bactena! Gale, 

’ E F , 1943, 7, 139-173 
relation to utibration of 

Gale, E F , 1940, 4, 135-176 

tpidemicus, see Slreplococcus 
egui, see Streptococcus 
ecuinus, see Streptococcus 

son M 8 , 1945, 9, 49-109 
w , 1939, 3, 1-48 


4, 199-201 

Rbnn, action of streptococci on Sher 
man, J M , 1937, 1, 12 

Fibnnolysin, character ration of Til 

left, W S , 1938, 2, 191-lM 

— production by staphylococci Blair, 

J E , 1939, 3, 116-1 16 
FibnnoJytic activity of hemolytic strep 
tococci riIlett,W 3,2,161-216 
FlageUa, bactenal Lewis, I M , 1941, 
6, 217-220 

Flagellar antigens, production by spore 
forming anaerobic species we 
Coy, E , and Mcaung, L » , 
1938’, 2, 63-73 
foeitdus, see Streptococcus 

colifonn bactena Parr, L . 
1939, 3. 2-4 

furiddiformts, see Baderoides 
furcosus, see Baderoides 

G 

G..«, y."* ° 

1945, 9, 111-119 
mgas, see Bacillus 
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Ghotoxin, properties of Waksman, S 
A ,1941,6, 256, 264 

Gordon’s teat, use m identification of 
streptococci Sherman, J M , 
1937,1,6 

Gramicidin, properties of Waksman, 
S A , 1941, 6 , 264 , 266 
Grinding, death of microorganisms by 
Rahn, O , 1945, 9, 2-5 
Growth accessory factors, bactenolog- 
ical assay for Peterson, W H , 
and Peterson, M S , 1945, 9, 81-S6 

1 destruction of, by bacteria 

Peterson, W H , and Peterson, 
M S , 1945, 9, 86 
> function of Peterson, W H , 
and Peterson, M S , 1945, 9, 86-88 
1 relation to bacteiiol nutrition 
Peterson, W H , and Peterson, 
M S , 1945, 9, 49-109 
— I requirement of diphtheria 
bacillus Mueller, J H , 1940, 
4, 120-123 

I synthesis by microSrgamama 
Peterson, W H , and Peterson, 
M 8,1945,9, 71-76 
■ > «ee also vitamins and names of 

individual genera or species group 
Growth curve, se« culture cycle 
Growth factors, see growth acessory 
factors 


BameniaspoTa, genus of Endom 
taceae Hennci, AT] 
1941, 6, 138 ’ 

Eantenula, genus of Endomycetac 
Hennci, A T , 1941, 6, 137 
•Ueartwater, nckettsiae of Pinker 
H , 1942, 6, 68-69 

Heat, moist, cause of death of mi 
o^msma Rahn, O , 1945 

Hematin (hemin), growth-promo 
activity of Koser, S A 

Saunders, F , 1935^ 2, ’ 
Peterson, W H , and Peter 
MS, 1945, 9, 49-109 
Hemolysis by Corynebaclenum d 

Ihenac Morton, H E 1 
4. 198-199 ’ ^ 

see Bacillus 

amophilic bactena, growth accesi 
factors for Koser, S A 
Saunders, F, 1935, 2. n’s- 


Peterson, W H , and Peterson, 
M S , 1945, 9, 49-103 
histolyticum, see Closlndium 
History, early Amencan bactenologi- 
cal McClung, L S , 1944, 8, 
119-160 

Hyaluronidase, action as spreading 
factor in infection Duran- 
Rcj nals, F , 1942, 6, 222-229 
Hjbndization in yeasts Lindegren, 
C C , 1945, 9, 125-130 
Hydrocarbon oxidizing orgamsms, ac- 
tivities in soil ZoBell, C E , 
1946, 10, 33-36 

, mineral requirements of Zo- 
Bell, C E , 1946, 10, 3-4 

, occurrence in nature ZoBell, 

C E , 1946, 10, 23-25 
— utilization, cntena of ZoBell, C 
E , 1946, 10, 10-12 

, products of ZoBell, C E , 1946, 

10, 12-15 

Hydrocarbons, action of microorgan- 
isms on ZoBell, C E , 1946, 
10, 1-49 

— , bactenostatic action of ZoBeU, 
C E , 1946, 10, 37-40 
— , dispersion of, in culture media ZoBell, 
C E , 1946, 10, 7-10 
— , effect of orgamc matter on metab- 
olism of ZoBell, C E , 1946, 
10, 6-7 

— , oxygen tension on metabobsm 

of ZoBell, C E , 1946, 10, 4-6 
— , kinds attacked ZoBell, C E , 
1946, 10, 15-23 

— , rubber, action on ZoBell, C E , 
1946, 10, 31-32 

— , temperature requirements for micro- 
bial decomposition of ZobeU, 
C E , 1946, 10, 7 

I 

Immumty in brucellosis Huddleson, 
I F , 1942, 6, 11-142 
Imvic reactions, use of in study of 
coliform orgamsms Parr, L W , 
1939, 3, 9 

Idole acetic acid, growth-promoting 
activity of Peterson, W H , 
and Peterson, M S , 1945, 9, 55 
Infection, mode of, by staphylococci 
Blair, J E , 1939, 3, 128-132 
, r61e of spreading factors in Duran- 
Reynals, F , 1942, 6, 197-252 
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tnnulnltu, tee Baalim 
»-Ino3]toJ, growth promoting activity 
of Koscr, S A , and Saunders. 
Fi 103S, 2, 137-139. Petereon. 
*' H , and Peterson, M S 
1W6, 9, 49-109 ' 


masithdit, see Slreploeoccus 
Meat, microbiological problems 


luBcct transmission of nckettaae 
Pinkerton, H , 1942, 6, 37-78 
Insects, microbiology of Steinhaua, 
E A , 1940. 4, 17-67 
, rfilo of microorganisms in nntntion 
of Stcinbaus, E A , 1940, 4. 
27-3G 

Invasivcncas of bacteria Doran- 
Pei-nals, F , 1942, 6, 229-232 
Irradiation, agent of death of micro 
organisms Pahn, 0 , 1945, 9, 
S-14 

K 

Klebsxella, classification of Pair, L 
W , 1939, 3, 1^8 

— , relation to coliform group Parr, 

L W , 1939, 3, 1-4S 
Kloedcra, gcntis of Torulopsidoideae 
Ilonnci, A T , 1941, 6 , 144 
Kluyicr Dekkor laws Hennci, A T, 
1041, 6, 133 

L 


con 

wrmng Jensen, L B, 1944, 
8, 16I-188 

— technology, recent developments in 
^ B . 1944, 8. 180-184 

Media for spore production m yeast 
Lindegren, C C, 1945, 9, 132 

— for toxin production Eaton, II D 

1938,2,4-6 

meJamnogentcum, see Baetenum 
Memngococous Branham, S E 1940 
4,69-96 

Metabolism, eniymes concerned in 
ammo acid. Gale, E F, 1940, 

4, 135-176 

— m early phase of culture cycle Wins 

loiv, C E.A , and TValter, H H , 
1939, 8, 169-164 

— of cytophaga group Stamer, R Y , 

1942, e, 143-196 

Methiomne, relation to action of sul 
fonamides Heniy, B J, 1943, 

7, 213-214 

Methylene blue, inhibition of strep 
tococa by Sherman, J M , 
1937,1,9 

Mjcrocyst formation by Qytophsga 
group Stamer, R Y , 1942, 6, 
160-164 


laetis, see Slreploeoccus 
Laotobncilli, growth accessory factors 
for Koscr, S A,, and Saunders, 
F, 1938, 2, 118-119, Peterson, 
W W , and Potereon, M 8 , 
1046, 9, 69 

Lamb dysontory bacillus, see Closlndium 
vJclcAtt 

LancoCoId tochmque for study of strep- 
tococci Sherman, J M , 1937, 


1, 13 

Leptolncho, characters of Rosebmy, 
T , 1944, 8, 198-200 

Lcucooidin, production by staphy- 
lococci Blair, J E , 1939, 3, 
10-112 

I, (me/aeicfls, sec Streptococcus 
Lymphogranuloma venereum, inclusion 

bodies of, relation to nckettmao 

Pinkerton, H , 1942, 6, 43 


Molds, growth accessory factors for 
Koser, S A,, and Sanndsrs, F , 
1938, 2, 126-129 

Monosporetla, genus of Endomycetaceae 
Hennci, A T , 19U, 6, 137 
Morphology, changes m cell, m early 
culture phase Winslow, C E 
A , and Walker, H H , 1939, 3, 
164-170 


uth, Actinomycetes and other fils 
mentous microSrganisms m- 
Rosebury, T , 1944, 8, 1S9-223 
icor, growth accessory factors for 
Koser, S A , and Saunders, F 
1938,2,127 

mmyces, genus of Annlomycetaceae 
Sabin, A B , 1941, 6, ^ 

.. -r, A 1 K 


1941, 6, 67 

iluscxdomyees, genus 
taceae Sabin, 


of Annlomyce 
A B, 1311, 6, 


Manno 


M 

cytopbagas, phy8iology_ of 


StanLrR Y, 1942, 6. 178-180 


334 

^ genus of Parastacese 

B , 1911, 6, 67 


Sabin, A. 
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Mutations, of bactenophage Craigie, 
J , 1946, 10, 82 

llycdbacienum, chenustry of proteins 
of Seibert, F B , 1941, B, 69-95 
— , growth accessory factors for Koser, 
S A , and Saunders, F , 1938, 
2, 115-116, Peterson, W H , and 
Peterson, M S , 1945, 9, 49-109 
Myohemoglobin, action of bactena on 
Jensen, L B , 1944, 8, 162-164 
Uyeoderma, genus of Torulopsidoideae 
Hennci, A T , 1941, 6, 144 
Myxobactenae, definition of class 
Stanier, R Y , 1942, G, 184 
Myxobactenales, outline classification 
of Breed, R S , Murray, E 
G D , and Hitehens, A P , 1944, 
8, 257 

Myxococcaceae, inclusion in Myxo- 
bactenae Stanier, R Y , 1942, 
6, 187 

llyxococcus, inclusion in Myxococcaceae 
Stanier, R Y , 1942, 6 , 188 


N 

Nadsonta, genus in Endomycetaceae 
Hennci, A T , 1941, B, 139 
nebulosus, see Bacillus 
’^eerophorum, see Bacterium 
Neisseria tntracellulans Branham, S 
E , 1940, 4, 59-96 

tfemalospora, genus of Endomycetaceae 
Hennci, A T , 1941, 6, 137 
^.growth accessory factors for Koser, 
S A , and Saunders, F , 1938, 2, 
126 

Nicotimc acid and related compounds, 
growth-promoting activity of 
Koser, S A , and Saunders, F 
1938, 2, 143-144, Peterson, W H , 
and Peterson, M S, 1945. 9. 
49-109 

Nitrates, action on bactena m cured 
meats Jensen, L B , 1944 r 
170-174 ’ ' 

Nitntes, action on bactena m cured 
meats Jensen, L B , 1944 g 
173-175 ’ 

novyi, see Closlndium 
Nucleic acid pi^^ce m vaccmia virus 
^del, J E , and Hoagland, C 
L , 1942, 6, 93-95 ’ 

Nucleus, bactenal Lewis, I M 1941 
B. 192-208 ’ 


Nutntion, bactenal Koser, S A , and 
Saunders, F , 1938, 2, 99-160, 
Peterson, W H , and Peterson, 
M S , 1945, 9, 49-109 

— of cyiophaga group Stamer, R Y , 

1942, 6, 143-196 

— of diphthena bacillus Mueller, J 

H , 1940, 4, 97-134 

— of non-sulfur purple and brown 

bactena van Kiel, C B , 1944, 
8, 1-118 

' O 

oedcmaliens, see Clostridium 
oedematmdes, see Clostridium 
Oil deposits, microBrganisms as in- 
dicators of ZoBeU, C E , 1946, 
10, 36-37 

Oleic acid, growth promoting activity 
of MueUer, J H , 1940, 4, 123, 
Peterson, W H , and Peterson, 
M S ,1945,9,49-109 
omtoxicus, Bacillus, see Clostridium 
welchtt 

Omdation-reduction potential and toxin 
production Eaton, M D , 1938, 
2,6-8 

— — , effect on sulfonamide action 

Henry, R J, 1943, 7, 199-200 

P 

PAB, see p-Aminobenzoic acid 
paludis, Bacillus, see Clostridium welchxi 
Pantothemc acid, growth-promoting ac- 
tivity of Peterson, W H , and 
Peterson, M S , 1945, 9, 49-109 
parabotulinum, see Clostridium 
Paramycetales, outbne of classification 
of Sabin, A B , 1941, 5, 66-59 
Paramycetes, new class distinct from 
Schizomycetes Sabm, A B , 
1941, B, 56 

parapulri ficus, see Bacillus 
Parasitaceae, genera of Sabin, A B , 
1941, B, 67-58 

parvulus, see Staphylococcus 
Pasteurella iidarensis, relation to nck- 
ettsiae Pmkerton, H , 1942, 6, 
42-^ 

Pathogemcity of cohfonn bactena 
Parr, L W , 1939, 3, 13-20 
Pemcillin Waksman, S A , 1941, B, 
254-255,264 

perfringens, see Clostridium irelckix 
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Petroleum, microbial modification of 
ZoBell, C E, 1946, 10, 25-29 
products, microbial modification of 
ZoBell, C .E, 1946, 10, 29-31 
Phage, see bacteriophage 
Phycomyces, growth accessory factors 
for Koser, S A , and Saunders, 
P , 1938, 2, 127 

Physical methods of stenliaation 
Rahn, 0 , 1946, 9, 1-47 
Physiological youth, phase m culture 
cycle Winslon , C -E A , and 
Walker, H H , 1939, 3, 168-176 
Physiology of csdiophaga group Stan- 
ler, R Y , 1942, 6, 161-180 
— of non sulfur purple and brown bac- 
teria van Niel, C B , 1944, 
8, 1-118 

— , recent advances in microbial van 
Niel, C B , 1944, 8, 226-234 
P»cAia,genuBinEndDmycetaceae Sen- 
noi, A T ,1941,6, 138 
Pigments, production by non-sulfur 
purple and brown bactena van 
Niel, C B , 1944, 8, 63-70 
Pimelic acid, growth-promoting activity 
of Peterson, W H , and Peter- 
son, M 8 ,1946,9,49-109,MueUer, 

J H , 1940, 4, 121 

Pttyrosporum, genua of Torulopsn- 
doideae, Hennci, A T , 1941, 

6, 144 

— , importance of Hennci, A T , 1941, 

6, 170-172 

Pleuropneumoma group, characters and 
knowledge of Sabm, A B , 1941, 

6, 1-65 

, classification of Sabin, A B , 

1941, 6, 66-69 

, classification and nomenclature of 

Sabin, A B , 1941, 6, 331-335 
Pneumococcal polysaechande (Type 
TTT), reaction with antibody 
Heidelberger, M , 1939, 3, 62-60 
Pneumococcus, see Dtplococms pneu- 
moniae 

pneumosinfes, see Bacienum 
Polyangiaceae, mclusion m Myxobacte- 
nae Stamer, R Y , 1942, 6, 187 
Postassium tellunte, reduction by dory- 
ncbacJenum diphthenae Morton, 


Precipitin reaction, quantitative study 
of Heidelberger, M, 1939, 3, 
62-63 

- , see names of mdividual species 

Pressure, death of microorganisms 
caused by Rahn, 0 , 1945, 9, 
5-7 

Propiomc acid bactena, grov’th ac- 
cessory factors for Koser, S A , 
and Saimders, F , 1938, 2, 117-118, 
Peterson, W H , and Peterson, 
M S , 1945, 9, 49-109 
Protozoa, action of sulfonamides on 
Henry, R J , 1943, 7, 179 
— , growth accessory factors for Koser, 

S A , and Saunders, F , 1938, 2, 
130 

— , sigmfioance in rumen of bovine 
Hastmgs, E G , 1944, 8, 235-264 
Psittacosis, elementaiy bodies of, re- 
Jatjon to nckettsiae Pinkerton, 

H , 1942, 6. 43 

Purmes, growth promotmg activity of ' 
Peterson, W H , and Peterson, M 
8 , 1946, 9, 49-109 

Purple bactena, non sulfur, study and 
classification of van Niel, 0 B , 
1944, 8, 1-118 
pulndus, see Streptocoecus 
Pyooyanase, properties of Waksman, 

8 A , 1941, 6, 264 

Pyocyanm, properties of Waksman, 

8 A , 1941, 6, 264 

Pyndoxme, growth promoting activity 
of Peterson, W H , and Peter- 
son, M 8 , 1945, 9, 49-109 
Pyrimidines, growth promotmg activity 
of Peterson, W H , and Peter- 
son, M 8 , 1945, 9, 49-109 

Q 

Q fever, nckettsiae of Pinkerton, H , 
1942, 6, 70-71 

Quantitative methods, use of in study of 
antigen antibody reactions Hei- 
delberger, M , 1939, 3, 49-95 

R 

ramosus, see Bacillus 


H E , 1940, 4, 203-205 
Precipitation reaction, appbcation to 
anaerobic species McCoy, E, 
and McClung, L 8 , 1938, 2, 73-74 


Receptor analysis, application to anaer- 
obic species McCoy, E , and 
McClung, L 8 , 1938, 2, 63-73 
Reproductive structures, bactcnal 
Lewis, I M , 1941, 6, 205-213 
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Eespiration, bactenal Workman, C '' 
H , 1939, 3, 209-221 

Rkwohium, grow th accessory factors for 
Koser, S A , and Saunders, F , 
1938, 2, 120 

Rhtzopus, growth accesoiy factors for 
Koser, S A , and Saunders, F , 
1938, 2, 127 

RhodohaciUus, genus of Athiorhodaceae, 
van Kiel, C B , 1944, 8, 83 
Rhodobactemneae, suborder of Eu- 
bactenales Breed, R S , 
Murray, E G D , and Hitchens, 
A P , 1944, 8, 257 

Rhodohactenvm, genus of Athiorho- 
daceae van Kiel, C B , 1944, 
8, 82 

Rhodococcus, genus of Athiorhodaceae 
van Kiel, C B , 1944, 8, 82 
RhodocysUs, genua of Athiorhodaceae 
van Kiel, C B , 1944, 8, 82 
Rhodonostoc, genus of Athiorhodaceae 
van Kiel, C B , 1944, 8, 82 
Rkodopseudomonas capsulatus vanNiel 
C B , 1944, 8, 92-95 
■~i characters of genus lanNiel, CB, 
1944, 8, 86 

gelatinoga van Niel, C B , 1944, 

8, 98-101 

> key for species of van Niel, C B , 
1944, 8, 111 

~ paluslns van Niel, C B , 1944, 8, 
89-92 

““ *pheTozdes van Niel, C B , 1944, 8, 
95-98 

^^odospmllum, characters of genus 
van Niel, C B , 1944, 8, 86 
^ fulvum van Niel, C B , 1944, 8, 
108-110 

~~ ruhrum van Niel, C B , 1944, 8, 
101-108 

Rhodotorulaceae, characters and im- 
portance of Hennci, A T , 1941, 

^kodocibno, genus of Athiorhodaceae 
■fan Niel, C B , 1944, 8, 86 
boflavin, growth-promoting activity 
Koser, S A , and Saunders, 

F , 1938, 2, 142, Peterson, W H , 
and Peterson, M S , 1945, 9, 49-109 
«>c/c<(«o 6ons Pinkerton, H, 1942, 

6, 72 

— bumeit Pinkerton, H , 1942, 6, 70-71 
cants Pinkerton, H , 1942, 6, 71 

— dipora Pinkerton, H , 1942, 6, 70-71 


— ovina Pinkerton, H , 1942, 6, 71 

— prowazcht Pinkerton, H , 1942, 6, 

45-68 

— rumtnanitum Pinkerton, H , 1942, 

6, 68-69 

— tsutsvgamuchi Pinkerton, H , 1942, 

6, 66-68 

— xoolhyntca Pinkerton, H , 1942, 6, 

69-70 

Rickettsiaceae, inclusion in classification 
of bactena Breed, R S , 
Murra> , E G D , and Hitchens, 
A P , 1944, 8, 258 

Rickettsiae, characterization and clas- 
sification Pinkerton, H , 1942, 6, 
37-78 

— , non-pathogemc Pinkerton, H , 
1942, 6, 39-40 
rosettm, see Closlndtum 
Rubber hydrocarbons, see hydrocarbons, 
rubber 

Rumen, bovine, significance of bacteria 
and protozoa in Hastmgs, E G , 
1944, 8, 235-254 

S 

Saccharomyces, key to species of Hen- 
nci, A T , 1941, 6, 139-141 
Saccharomy codes, genus of Endomyce- 
taceae Hennci, A T , 1941, 6, 
138 

saltvarttts, see Streptococcus 
Sahvary calculus, bactenology of 
Rosebury, T , 1944, 8, 210-216 
Sapromyces, genus of Sapromycetaceae 
Sabm,A B ,1941,6,334 
Schizoblastosponon, genus of Torulopsi- 
doideae Hennci, A T , 1941, 
6, 144 

Schizomycetes, class of fission fungi 
Breed, R S , Murray, E G D , 
and Hitchens, A, P , 1944, 8, 257 
Schizophyceae, class of fission algae 
Breed, R S , Murra> , E G D , 
and Hitchens, A P , 1944, 8, 257 
Schizophyta, outline of classification 
Breed, R S , Murray, E G D , 
and Hitchens, A P , 1944, 8, 257 
Schtzosaccharomyces, genus of Endo- 
mycetaceae Hennci, AT, I'M!, 
6, 137 

Schtcanmomyces, genus of Endomjee- 
taceae Hennci, A T , 1941, 6, 
138 

septtcum, see Clostndtum 
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Serology of colif ora group Parr L W 
1939, S, 81-33 

~-olCoTyn<bacienumdiphthenae Mor- 
ton, H E , 1940, 4. 190-198 

— of Vtirjp Linton, R W, 1940, 4, 

261-319 

serpms, see Bacierotdes 
Shigella alkalescens Neter, E 1942 
6, 8-12 ’ 

— bienstockix Neter, E , 1942, 6, 21 

— ecylonensis B Neter, E , 1942, 6, 

26-26 

— , characteniation and clasai6cation of 
genus Neter, E, 1942, 6, 1-36 

— dysenlenae Neter, E , 1942, 6, 8-12 

— eguirulis Neter, E , 1942, 6, 24-25 

— galhnarum Exeter, E , 1942, 6, 19 

— gtnlollensts Neter, E , 1942, 6, 20 

— madampensts Neter, E , 1942, 6, 

25-26 

— , Newcastle ts^ie Neter, E , 1942, 6, 
13 

— oxygenes Neter, E , 1942, 6, 21 

— paradysentenae Neter, E , 1942, 6, 

13-18 

— pfaffi Neter, E , 1942, 6, 19-20 

— rettgen Neter, E , 1942, 6, 20 

— schmUzit Neter, E , 1942, 6, 12 

— septicaemia Neter, E , 1942, 6, 12-13 

— sonnei Neter, E , 1942, 6, 21 
Sodium chloride, action on bactena in 

meats Jensen, L B , 1944, 8, 
178-180 


Sporoeytophaga, inclusion in Myxococ- 
caceae Stamer, R Y , 1942, 6, 

— , key to species of Stamer, R Y 
1942, 6, 189 

Sporulation m yeasts Hennci, A T 
1941, 6, 127-130, Lindegren, C C 
1945, 9, 131-135 
spoTogenes, see Clostridium 
"Sporogenes vitanun”, growth pro 
moting activity of Peterson, W 
H , and Peterson, M S , 1945, 9, 
49-109 

Spotted fevers, nckettsiae of Pinker- 
ton, H , 1942, 6, 68-66 
Spreading factors, r61e in infection 
Euxan-Reynals, F , 1942, 6, 197- 
252 

Staphylococoi, agglutination of Blair, 

J E , 1939, 3, 125-126 
— , differentiation between pathogemo 
and non pathogenic types Blair, 

J E , 1939, 3, 121-125 
— , fibnnolytic activity of Tillett, W 
S , 1938, 2, 181-183 

— , growth accessory factors for Koser, 

S A , and Saunders, F , 1038, 

2, 106-108, Peterson, TV H , and 
Peterson, M S , 1945, 9, 49-109 
— , mode of infection by Blair, J E , 
1939, 3, 128-132 

— , pathogenic Blair, J E , 1939, 3, 
128-132 


— — , effect on bacterial activity in 
butter Bammer, B W , and 
Long, H F , 1941, 5, 337-374 
Somatic antigens, production by anaer- 
obic species McCoy, E , and 
MoCInng, L S , 1938, 2, 63-73 
Some and supersomc waves, as agents of 
death of microorganisms Rahn, 
O , 1946, 9, 7-S 

Sorangiaceae,' mclusion in Myio- 
bactenae Stamer, R Y , 1942, 


6, 187 I 

sordelh, Bacillus, see Clostndium cede- 
maloidesX 

Spirillum rubrum, synonymy with Rho- 
dospmllum rtibrwn van Niel, C 


B , 1944, 8, 101 

SpirochaetaJea, outhne classification of 
Breed, R S , Murray, E G D , 
and Hitohens, A P , 1944, 8, 257 


— , use of precipitin reaction in study of 
Blair, J E , 1939, 3, 126-128 
Blaphyloeoccus parrulus Dack, G M , 
1940, 4, 230, 231 

Starch, hydrolysis by streptococci 
Sherman, J M , 1937, 1, 11 
Statistical methods, use of, in bacteno 
logy Eisenhart, C , and Wilson, 
P W , 1943, 7, 57-137 
Stenliiation, physical methods of 
Rahn, 0 , 1945, 9, 1-47 
— , see death of microSrgamsms 
Stickland reaction Gale, E F , 1940, 
4, 148 

Strepogenin, growth promoting acUvity 
of Peterson, W H and Peter- 
son, M 3,1945,9,49-109 
Slreptobaeillus moniliformis, relation to 
pleuropneumonia group Sabin, 

A B , 1941. B, 35^ 
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Streptococci Sherman, J M , 1937, 1, 
3-97 

“animal pyogenes” Sherman, J 
M , 1937, 1, 33-35 
fibnnol} tic activitj of Tillett, 
W S , 193S, 2, 161-216 
flagellation of Sherman, J M , 
1937, 1, 14 

, growth accessory factors for Koser, 
S A , and Saimders, F , 1938, 2, 
104-106 

, lactic Sherman, J M ,1937,1,62-69 
Lancefield group A Sherman, J 
M , 1937, 1, 20-26 

B Sherman, J M , 1937, 1, 

26-30 

, C Sherman, J M , 1937, 1, 30-37 

D Sherman, J M , 1937, 1, 

76 

, E Sherman, J M , 1937,1,43-45 

, F Sherman, J M , 1937, 1, 37-39 

, G Sherman, J M , 1937, 1, 39-43 

H Sherman, J M , 1937, 1, 

45- 46 

K Sherman, J RI , 1937, 1, 

46- 47 

, methods for identification and classi- 
fication of Sherman, J M , 
1937, 1, 5-15 

minute hemolytic dype Sherman, 
J M , 1937, 1, 37-39 
primary divisions of Sherman, 
J M , 1937, 1, 16-18 
“pyogemc”, characters of Sher- 
man, J M , 1937, 1, 17 
, use of Lancefield techmque for study 
of Sherman, J M , 1937, 1, 13 
‘vindans”, characters of Sherman, 
J M , 1937, 1, 17 

, — , species of Sherman, J M , 1937, 
1, 47-02 

Streptococcus agalacitac Sherman, J 
M , 1937, 1, 26-30 

anacroiius Dack, G M , 1940, 4, 231 
anjntiojus Sherman, J M , 1937, 1, 
24 


— opts Sherman, J M , 1937, 1, 71 
asaltgnus Sherman, J M , 1937, 1, 

29 

— 6o«s Sherman, J M , 1937, 1, 56-57 

— ermon* Sherman, J M , 1937, 1, 

C7 

— durans Sherman, J M , 1937, 1, SO 


— eptdemicus Sherman, J M , 1937, 

1, 23 

— egui Sherman, J M , 1937, 1, 30-33 

— equtnus Sherman, J M , 1937, 1, 53 

— faccahs Sherman, J M , 1937, 1, 

72 

— foetidus Back, G M , 1940, 4, 231 

— hcmolyixcxis, fibrinolytic activity of 

Tillett, W S , 1938, 2, 170-173 

— xnulxnaccus Sherman, J M , 1937, 

1, 67 

— lactxs Sherman, J M , 1937, 1, 63 

— Ixquefacxens Sherman, J M , 1937, 

1,74 

— mastxtxdis Sherman, J M , 1937, 

1, 26-30 

— mxtxs Sherman, J M , 1937, 1, 61 

— nocardx Sherman, J M , 1937, 1, 26 

— pseudo-agalactxae Sherman, J M , 

1937, 1. 29 

— putndus Back, G M , 1940, 4, 231- 

232 

— pyogenes Sherman, J M , 1937, 1, 

20-26 

— salxvarxxts Sherman, J M , 1937, 1, 

60 

— scarlaixnae Sherman, J M , 1937, 1, 

23 

— ihermophxlxis Sherman, J M , 1937, 

1, 69 

— wndons, fibrinolytic activity of Til- 

lett, W S ,1938,2,178-180 

— zymogenes Sherman, J M , 1937, 1, 

76 

Sireptolhrxx, growth accessory factors 
for Koser, S A , and Saunders, 
F , 1938 2, 121 

Sulfonamides, action due to transfor- 
mation to chemotherapeuticaDy 
active forms Henry R J , 1943, 
7, 196-200 

— , — on protozoa Henry, R J , 1943, 
7. 179 

— , — on viruses Henry, R J , 1943, 7, 
178 

— , drug fastness to Henry, R J , 1943, 

7, 193-196 

— , efifects on respiratory mec hanis ms 
Henry, R J , 1943, 7 , 223-240 
— , empirical observations on the action 
of Heniy , R J , 1943, 7, 177-196 
— , mechamsm of inhibition on cell 
division Henry, R J, 1943, 7, 
240-249 
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, mode of action Henry, R J 1043 

7, J7S-2B2 ’ ’ 

Surface tension, effect m disinfection 

Rahn, O , 1945, 9, 36-40 

T 

Taxonomy of cytophagas Stanier, R 
Y , 1942, 6, 180-193 

— of non sulfur purple bacteria van 
Niel.C B ,1944,8,71-82 
Temperature, growth of streptococci in 
various ranges of Sherman, J 
M , 1937, 1, 8 

— , low, cause of death of micro- 
organisms Rahn, 0 , 1945, 9, 
21-23 

Mam, see Closlndtum 
Textbooks of bacteriology, list of early 
American McClung, L 8 , 1944, 

8, 119-160 

Thermal resistance, use of, 'in classifi- 
cation of streptococci Sherman, 
J M 1937,1,8 

■ of spores Rahn, O , 1946, 9, 34-36 

themophilus, see Streptococcus 
thermosaecharolyticum, see Closlndtum 
Thiamine, growth promoting activity of 
Koser, S A , and Saunders, F , 
1938, 2, 139-142, Peterson, W H , 
and Peterson, M 8 , 9, 49-109 
Thiochrome, growth promoting activity 
of Peterson, W H , and Peter- 
son, M S , 1946, 9, 49-109 
Thiorhodaceae, study and classification 
van Kiel, C B , 1944, 8, 1-118 
Thymine, growth promoting activity of 
Peterson, W H , and Peterson, 
M S , 1946, 9, 49-109 
Tissue permeability Duran-Reynals, 
F , 1942, 6, 197-262 

Tissues, ante mortem and post-mortem 
changes Jensen, L B , 1944, 8, 
164-169 

Torulaspora, genus of Endomycetaceae. 

Hennci, A T , 1941, 6, 137 
Torulopsidoideae, key to genera of 
Hennci, A T , 1941, 6, 144 
Torulopsts, genus of Torulopsidoideae 
Hennci, A T , 1941, 6, 144 
— , key to species of Hennci, A T , 
1941, 6, 146-147 

Toxin antitoxin reacUon, quantitative 
study of Heidelberger, M , 1939, 

3, 84-86 


Toxin, pnemnococcal Eaton M D 
1938, 2. 14 

— production by clostndia McCoy, 
E , and McClung, L S , 1938, 2, 48 

by colon organisms Eaton, M D 

1938, 2, 10 

by Corjmebaclenum dtphlhenae 

Eaton, M D , IB38, S, 6-8, Muel- 
ler,/ H ,1940 4, 123-130, Morton, 
H E , 1940, 4, 194-196 

by dysentery organisms Eaton, 

M D , 1938, 2, 16 

by meningococcus Branham, S 

E , 1940, 4, 85-87 

by pleuropneumonia group 8sbin, 

A B , 1941, 6, 41-43 

by Proteus Eaton, M D , 1038, 

2 , 16 

by Salmonella Eaton, M D , 

1938, 2, 16 

, effect of iron content of medium 

on Eaton, M D , 1938, 2, 8, 
Mueller, J H , 1940, 4, 127 
— — , effect of ondation reduction 
potential Eaton, M-D , 1938, 2, 
6-8 

— , purification of Eaton, Af D , 1938, 
2,11-24, McCoy, E ,andMcClung, 

L 8 , 1938, 2, 48 

— , scarlatinal Baton, M D , 1933, 2, 

11 

— , staphylococcal Blair, J E , 1039, 

3, 99-103, Eaton, M D , 1938, 2, 
16 

— , streptococcal Eaton, M D , 1938, 

2 , 11 

Toxins, action of formaldehyde on 
Eaton, M D , 1938, 2, 27-30 
— , action of soaps, lipids, and sterols on 
Eaton, M D .1938,2,31 
— , bacterial Eaton, M D , 1938, 2, 
3-45 

I types produced by Closlndtum irel- 

chtt, McCoj, B, and McClung, 

L S , 1933, 2. 64-59 
Toxoid, production by action 6f for- 
maldehyde Eaton, M D , 1933, 

2, 27-30 

— , staphylococcal Blair, J B . 1939, 

3, 103-104 

Tracboma, elementary bodies of, re- 
lation to nckettsiae Pinkerton, 

H , 1942, 6, 43 
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Trench Tever, nckcttsine of Pinkerton, 

H , 1942, 6, 69-70 

Tngnopsis, genus of Tonilopsidoidcae 
Hennci, A T , 1941, 6, 144 
Tsutsugamuchi, ncketlsiae of Pinker- 
ton, H , 1942, 6, 66-67 
Ti-pe transformation in pneumococci 
McCarty, M , 1946, 10, 63-71 
Typhus fevet, nckettsiae of Pinker- 
ton, H , 1942. 6, 45-53 
TjTocidin, properties of Waksman, S 
A , 1941,6, 264,266 

Tyrothnein Waksman, S A , 1941, 5, 
265 

U 

Uracil, groirth-promoting activity of 
Peterson, W H , and Peterson, 

M S , 1946, 9, 49-109 

V 

Vaccima, elementary bodies of Sma- 
del, H , and Hoagland, C L , 1942, 
6, 79-110 

— , identification of the elementarj body 
mth the infective umt Smadcl, 
H , and Hoagland, C L , 1942, 6, 
79-110 

— , nature of elementarj'’ bodies of virus, 
Smadel, H , and Hoagland, CL, 
1942, 6, 90-100 

— , physical properties of virus Sma- 
del, H , and Hoagland, C L , 
1942, 6, 85-90 

— Virus, antigens of Smadel H , and 
Hoagland, C L , 1942, 6, 100-115 

, methods for pimfication of Sma- 
del, H , and Hoagland, C L , 1942, 
6, 79-81 

Variation of coliform group Parr, L 
W , 1939, 3, 28-31 

— of Corynebaclenum diphthenae Mor- 

ton, H E , 1940, 4, 177-226 
- — of Vibno Linton, R TV , 1940, 4, 

300-309 

— of j easts Hennci, A T , 1941, 6, 

111-119 

TTi antigen, sigmficance of Almon L , 
1943, 7, 43-56 

y ibno, chemistry and serology of Lin- 
ton, R TV . 1940, 4, 261-319 

yibnon tepUqtte, tee Clostndium sep- 
licxtm 


Vralcs, inclusion in classification of 
bactena Breed, R S , Murray, 

E G D , and Hitchens, A P , 
1944, 8, 255-260 

T^rulcncc, of bactena Duran-Rcynals, 

F , 1942, 6, 229-232 

— oi Corjpicbadcnum diphlhcnac Mor- 
ton, H L , 1910,4, 191-194 
VTnises, action of sulfonamides on 
Henry, R J 1943,7, 178 
— , see names of indmdual diseases 
Vitamins, function of Peterson, TT II, 
and Peterson, M S , 1945, 9, S6-SS 
— , microbiological assay of Peterson, 
TV H , and Peterson, M S,1945, 
9,81-86 

— , relation to bactcnal nutntion 
Peterson, TV II , and Peterson, M 
S , 1945, 9, 49-109 

— , nutntion of microorganisms 

Koscr, S A , and Saunders, F , 
1933, 2, 99-160 

— .structural specificity of compounds in 
relation to actnalj Peterson, 
TT’’ H , and Peterson, M S , 1945, 
9. 71-76 

— .synthesis by microorganisms Peter- 
son, T\^ H , and Peterson, M S , 
1945, 9, 76-SO 

— , — ~ yeast Lindcgrcn, C C , 1945 
9, 152-155 

TV 

TVassermann antigen TVeil, A J , 1941, 
6, 293 

welchti, see Clostndium 
TVetting agents, antiseptic properties of 
Rahn, 0 , 1945, 9, 37-38 
X 

X-rays, see irradiation 
Y 

Yeasts, adaptation in Lindegren, C 
C , 1945, 9, 155-166 

— , budding Lindegren, C C , 1945, 
9, 142-143 

— , colony structure Lindegren, C C 
1945, 9, 143-145 

, classification and identification of 
Hennci, A T , 1941, 6, 125-147 
, cultural vanabibty and stability 
Lindegren, C C , 1945, 9, 128-130 
, cytology of Hennci, A T , 1941, 6, 
105-110, Lindegren, C C , 1945 
9, 136-142 ’ 
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— , donnanoy Lindegren, C C , 1946, 
9, 146-162 

— , genefacB of Hennoi, A T , 1941, 
6, 99-105, Lindegren, C C , 1946, 
9, 111-170 

— , growth accessory factors for Koser, 
S A , and Saunders, P , 1938, 2 , 
123-126 

— , hybndiiation Lindegren, C C , 
1946, 9, 126-128 

— , industrial types Hennoi, A T, 
1941, 6, 147-163 

— , life cycle Lmdegren, C C , 1946, 9, 
111-121 

— , mating types Lindegren, C O , 
1945, 9, 121-125 

— , osmophilio Hennoi, A T , 1941, 5, 
159-165 
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— , pathogemo Hennoi, A. T , 1941, 
6, 165-172 

— I phylogeny of Hennoi, A. T , 1941, 
6, 119-125 

— , speoiation in Lmdegren, C C , 
1946, 9, 133-138 

— spores Lmdegren, C C, 1946, 9, 
131-133 

— , vanation m. Hennoi, A T , 1941, 
6, 111-119 

— , vitaimn synthesia by Lmdegren C 
C , 1946, 9, 162-166 

Z 

Ziii/o»accharomyces, subgenus of Ehido 
myoetaceae Hennoi, A T , 1941, 
6. 138 

tymogenea, see SlTtploeoccua 




